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It has long been recognised that therclassical*methods 
of design for5free earth support6result in. relatively large 
bending moments in the steel sheet piling, which are often 
arbitrarily reduced by many designers on the basis of5 soil 
arching5 in granular soils*
Designing for 8fixed earth support' by the8classical® 
deflection line method is tedious*
These methods and nine others,two of which are new are 
applied to four walls in order to compare the basic criteria 
of maximum bending moment in the steel sheet piling5 
anchorage load per unit length of wall and depth of /sheet 
pile penetration ^resulting from each*
Design complexity and design time required are other 
factors which are explored,bearing in mind that unless 
construction cost incentives exist there is little merit in 
any new method which is longer or more complex than established 
methodSo
The versions of the four walls resulting from each 
design method are costed to establish whether financial 
incentives exist to abandon the classical methods of design 
in favour of one or more of the newer methods o
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S t e e l  s h e e t  p i l i n g  h a s  e c o n o m ic  a d v a n t a g e s  o v e r  t h e  t r a d i t i o n a l  
m a t e r i a l s  o f  t i m b e r  a n d  c o n c r e t e  b e c a u s e  i t  i s  l i g h t  t o  h a n d l e  a n d  
d r i v e  a n d  i t  c a n  a l s o  b e  d r i v e n  m o re  q u i c k l y .  I t  h a s  t h e  a d d e d  
a d v a n t a g e  o f  i n t e r l o c k i n g  p o s i t i v e l y  t o  c a l c u l a t e d  t o l e r a n c e s .
T h e  t h r e e  m a in  a p p l i c a t i o n s . . -o f  s t e e l  s h e e t  p i l i n g  t o  e a r t h  
r e t a i n i n g  w a l l s  a r e  i l l u s t r a t e d  i n  F i g . B 5 , 1
( a )  c a n t i l e v e r  s h e e t  p i l e  w a l l s .
(to ) a n c h o r e d  s h e e t  p i l e  w a l l s
( 1 )  d e s i g n e d  f o r  f r e e  e a r t h  s u p p o r t .
( i i )  d e s i g n e d  f o r  f i x e d  e a r t h  s u p p o r t .
( I t  i s  p r o p o s a d  t o  e x p l o r e  t h i s  c h o i c e  a n d  d e c i d e  w h i c h  i s  
c h e a p e r 5i  o r  i i ) .
( c )  a n c h o r e d  w a l l s  w i t h  r e l i e v i n g  p l a t f o r m s ®
U f  t h e s e  t h r e e  t y p e s  i t  i s  n o t  p r o p o s e d  t o  p r e s e n t  a n y  w o r k  o n  (© )  • 
F o r  c o m p a r a b le  b e n d in g  m o m e n t a n d  d e f l e c t i o n  d i a g r a m s  s e e  F i g ,  B - I I .
F ig  * B-J® Type a o f  wa11 «
ra
( a )
( b )
" ? 7 /C  V V / ' A S V / A V ' ^ / A V V A " '
T h e  w a l l s  o f  t y p e  (a  ) a r c  i n e f f i c i e n t  i n  t h e  u s e  o f  s t o o l , a n  
i n e f f i c i e n c y  w h i c h  i n c r e a s e s  r a p i d l y  w i t h  w a l l  h e i g h t . T h i s  t y p e  i s  
a l s o  s e n s i t i v e , i n  t h a t - a  s m a l l  c h a n g e  i n  r e t a i n e d  h e i g h t  r e s u l t s  i n  
a  l a r g e  i n c r e a s e  i n  p e n e t r a t i o n  a n d  b e n d in g  m o m e n t .
A  r o u g h  m e a s u r e  o f  t h i s  i e  t h a t  t h e  b e n d in g  m o m e n t i n  a  s t r u c t u r a l  
c a n t i l e v e r  c a r r y i n g  u n i f o r m  l o a d  i s  t w i c e  t h s  b o n d in g  m o m en t i n  a  
s i m p l y  s u p p o r t e d  b e a m , ( a n a l o g o u s  t o  B i  a n d  fo u r *  t r a s s  t h e  b e n d in g  
.m om ent o n  a  p r o p p e d  c a n t i l e v e r , ( a n a l o g o u s  t o  b i i ) , a l l  o f  t h e  sam e  
s p a n .  A s  r e t a i n i n g  w a l l s  c a r r y  a  d i s t r i b u t i o n  o f  l o a d  w h i c h  i n c r e a s e s  
w i t h  d e p t h  a n d  a s  t h e  s p a n  a l s o  i n c r e a s e s  w i t h  r e d u c e d  r e s t r a i n t  , 
t h o s e  f a c t o r s  a r e  s u b s t a n t i a l l y  b i g g e r  t h a n  2  a n d  4 .
T h e  p o t e n t i a l  e a r t h  p r e s s u r e s  a n d  r e s u l t i n g  b o n d in g  m o m e n ts  - o f  
t h e  c a n t i l e v e r *  a p p r o a c h  a re .  h o w e v e r  o f  a p p l i c a t i o n  t o  t jt ia  m a in  
s u b j e c t  o f  s t u d y ( w a l l s  o f  t y p e  B i i ) . t h e  r e a s o n  b e i n g  t h a t  B i i  i s  
a n a lo g o u s  t o  t h e  p r o p p e d  c a n t i l e v e r  i n  w h i c h  t h e  p r o p  i s  t h e  t i e  r o d ®  
A© a  t y p e  o f  c o n s t r u c t i o n  i n  i t s  own r i g h t  ( a )  i s  n o t  i n c l u d e d  h e r e .
On. t h e  s u b j e c t  o f  c a n t i l e v e r s  i t  i s  t o  b e  n o t e d  t h a t  t h e  b a s i c  
b o n d in g  m o m e n t c u r v e  o f  t h e  d e f l e c t i o n  l i n e  m e th o d  i s  t h e  s a ra s  
r e g a r d l e s s  o f  th ©  l e v e l  o f  t i e  r o d s  b e c a u s e  t h e  c u r v e  i s  d e r i v e d  
f r o m  c a n t i l e v e r  e a r t h  p r e s s u r e  a n d  e a r t h  r e s i s t a n c e  o n ly . .  T h e  
c l o s i n g  l i n e  a n d  c o n s e q u e n t  b e n d in g  m o m en t a n d  p e n e t r a t i o n  r e d u c t i o n s  
d u e  t o - t h e  a n c h o r a g e  s y s t e m , a r e  s u p e r im p o s e d  o n  t h i s  b a s i c  b e n d in g  
m o m e n t c u r v e ,
( S e e  w o r k e d  e x a m p le  N o . I , D e f l e c t i o n  L i n o  M e t h o d )®
T h e  t e r m  11 a n c h o r e d  B u l k h e a d s "  i s  u s e d  i n  t h e  U . S . A .  a s  a n  a l t e r n a t i v e  
t o  " a n c h o r e d  s h e e t  p i l e  w a l l s * . S u c h  s t r u c t u r e s  h a v e  b e e n  u s e d  
w i d e l y  i n  t h a t  c o u n t r y  a n d  i n  E u r o p e ®  S h e e t  p i l i n g  i s  u s e d  i n  
h a r b o u r s  , p i e r s , r i v e r  t r a i n i n g  w a l l s , i n  t h e  p r e s e n c e  o f  w a t e r , a l s o  
in .  p e r m a n e n t  a n d  t e m p o r a r y  c o n s t r u c t i o n  a s  e a r t h  r e t a i n i n g  w a l l s .
S h e - a t  p i l e  w a l l©  m a y  b e  c l a s s i f i e d  b y  m e th o d  o f  c o n s t r u c t i o n  a s
( a )  " d r i v e n  a n d  d r e d g e d  *  
o r s e c  b e lo w
o f  c o n s t r u c t i o n ®
e x c a v a t e d  s o i l
( a . ) (b )
F i g .  B. 6 ® D i f f e r e n t  l o c a t i o n  c o n d i t i o n s *
I n  ( a /  t h e  a n c h o r a g e s  m u s t  b e  i n s t a l l e d  b e f o r e  e x c a v a t i n g  i n
f r o n t  o f  t h e  p i l i n g .  F i g . B  6 ,
X n  ( b )  t h e  a n c h o r a g e a  m u s t  toa i n s t a l l e d  b e f o r e  f i l l i n g , ( o r  i n
t h e  c a s e  o f  f i l l i n g  i n  s t a g '© s , t h e  p i l i n g  m u s t  b e  d e s i g n e d  t o
c a n t i l e v e r  i n  t h e  s a r l y  s t a g e s , a n c h o r a g e  i n s t a l l a t i o n  t h e n  f o l l o w a  
b e f o r e  c o m p l e t i o n  o f  t h e  f i l l i n g .
A n o t h e r  i m p o r t a n t  p o i n t  r e g a r d i n g  m e th o d  o f  c o n s t r u c t i o n  i s  t h a t  
s t r e s s  a n d  s t r a i n  a r e  c o m p l e m e n t a r y . I f  t h e  n e c e s s a r y  s t r a i n s  a n d  
d e f o r m a t i o n s  a r ©  p r e v e n t e d !  t h e n  t h e  p r e s s u r e  d i s t r i b u t i o n  m a y  
d i f f e r  s u b s t a n t i a l l y  f r o m  t h e  C o u lo m b  v a l u e s .
T h e s e  c i r c u m s t a n c e s  m a y  a p p l y  t o  ( a )
( T h i s  i s  m o s t  c e r t a i n l y  t h e  c a s e  i n  s t r u t t e d  e x c a v a t i o n s  a n d  
c o f f e r d a m s  w h e r e  t o p  b r a c i n g  i s  f i x e d  b e f o r e  d e w a t e r i n g  o r  
e x c a v a t i n g ) ,
I t  i s  n o t  p a r t  o f  t h e  s u b j e c t  o f  t h i s  s t u d y  t o  i n v e s t i g a t e  
c o n d i t i o n s  o f  s o i l  y i e l d  w h i c h  d i f f e r  f r o m  t h o s e  a s s o c i a t e d  w i t h  
a c t i v e  p r e s s u r e s , e x c e p t  f o r  e x a m p l e , 1 2 *
X & _ F i g . J 3 . 7  th ©  g r o s s  s e c t i o n  a n d  p l a n  o f  a t y p i c a l  s h e e t  p i l e  w a l l  
w i t h  b l o c k  a n c h o r a g e s  a r e  s h o w n .
T h e  p i l e s  o f  s u c h  a  w a l l  a c t  a s  a  s e r i e s  o f  b e a m s  l o a d e d  b y  t h e  
e a r t h  p r e s s u r e  b e h i n d  th e m  a n d  s p a n n in g  b e t w e e n  w a l i n g s  n e a r  t h e  
t o p  a n d  a  l i n e  o f  s u p p o r t  i n  f r o n t  o f  t h e  t o e s  o f  t js e  p i l e s *
T h i s  s u p p o r t  i s  d s r i v e d  f r o m  t h e  n e t  p a s s i v e  r e s i s t a n c e  s e t  u p  i n  
t h e  s o i l  o f  d e p t h  D , F i g s . B 8 & 9 •
Th©  d e s i g n  o f  s u c h  a  b u l k h e a d  c o m m e n c e s  w i t h  t h e  c o n s t r u c t i o n  o f  
t h e  t h e o r e t i c a l  a c t i v e  p r e s s u r e  d i a g r a m  f o r  t h e  s o i l  b e h in d  t h e  w a l l *  
S e e  c h a p t e r  o n  E a r t h  p r e s s u r e  o n  S h e e t  F i l e  W a l l s  *
T h e  t h e o r e t i c a l  p a s s i v e  r e s i s t a n c e  d ia g r a m  f o r  t h e  s o i l  i n  f r o n t  
o f  t h e  w a l l  i s  a l s o  n e e d e d .
I n  t h e  c a s e  o f  n o n - c o h e s i v e  s o i l s  s u c h  a s  s a n d a , g r a v e I s  a n d  
m i x t u r e s  o f  s a n d  a n d  g r a v e l , t h e s e  d ia g r a m s  a r e  t r i a n g u l a r  a n d  t h e  
f o r m  s h o w n  i n  ■ F i g s * ' B  8 / &. 9 ' a r ®  t y p i c a l .
I n  n o r m a l  d e s i g n  o f f i c e  p r a c t i c e  i t  i s  a d v i s a b l e  t o  d r a w  t h e s e  
d ia g r a m s  t o  s c a l e .  A  u n i t  l e n g t h  o f  w a l l  o f  o n e  f o o t  o r  on© m e t r e  
( i n  p l a n ) , i s  c o n s i d e r e d  a n d  e a c h  w a l l  i s  d e s i g n e d  i n d i v i d u a l l y  t o  
s u i t  t h e  p a r t i c u l a r  m a g n i t u d e  o f  t h e  v a r i a b l e s  c o n t a i n e d  i n  t h e  
a t t a c h e d  l i s t  o f  s y m b o l s ,  ( p l e a s e  r e f e r ) .
D u e  t o  t h e  r a p i d  p r o g r e s s  m a d e  i n  s o i l  m e c h a n i c s  s i n c e  th e . 194-0*© , 
t h e  r e s e a r c h  w o r k  o f  P r o f e s s o r  H ow e  i n  E n g l a n d  (D u n d e e  a n d  
M a n c h e s t e r ) , P r o f e s s o r  T s c h e b o t a r i o f f  i n  t h e  I K S . A ®  a n d  o t h e r s ,
( s e ®  r e f e r e n c e s ) , g r e a t  a d v a n c e s  h a v e  b e e n  m ad e  i n  t h e  d e s i g n  o f  s h e e t  
p i l e  w a l l s *
O ne  p u r p o s e  o f  t h i s  s t u d y  - is  t o  e x a m in e  t h e  m e th o d s  w h i c h  h a v e  
e v o l v e d  f o r  d e s i g n i n g  a n c h o r e d  s t e e l  s h e e t  p i l e  r e t a i n i n g  w a l l s  
a n d  c o m p a r e  th e m  w h e n  a p p l i e d  t o  t h e  s a m e  p r a c t i c a l  d e s i g n  c o n d i t i o n s ®
D e s ig n  c o n d i t i o n s  a r e  i l l u s t r a t e d  i n  P i g .  I f  I .  , -  . y  • «* ., .
e n t i t l e d  " w o r k e d  e x a m p le s '!
T h e  c o m p u t e r  i s  u s e d  t o  s a v e  t i m e  a n d  l a b o u r  i n  d e s i g n , s o  t h a t  
a  f u r t h e r  o b j e c t i v e  o f  t h i s  s t u d y  w a s  t o  c o n c l u d e  w h e t h e r  i t  s h o u l d  
b e  a p p l i e d  t o  s h e e t  p i l i n g  d e s i g n s  a n d  i f  s o  w h i c h  m e th o d  o r  m e t h o d s .
I n  t h e  f o l l o w i n g  l i s t  o f  m e th o d s  , w h i c h  h a v e  e a c h  b e e n  a p p l i e d  t o  
t h e  f o u r  e x a m p le s  , t h e r e  i s  a  n o t a b l e  a b s e n c e .  T h e  m e th o d  o f  P r o f ®  
B r i n c l i  H a n s e n  h a s  n o t  b e e n  i n c l u d e d ®  1 4 .
T h a t  i s  a n  u n u s u a l l y  c o m p le x  m e t h o d , , . I t  o f f e r s  a n  o r i g i n a l  a p p r o a c h  
b y  a  v e r y  b r i l l i a n t  e n g i n e e r  b u t  i t  h a s  t h e  d i s a d v a n t a g e  o f  n o t  
h a v i n g  b e e n  m a s t e r e d  n o r  p u t  i n t o  u s e  b y  m a n y  c i v i l  e n g i n e e r s , e s p e c i a l l y  
o u t s i d e  D e n m a r k . T h e r a  i s  so m e  o v e r l a p  b e t w e e n  R o w e 's  W a l l s  a t  
F a i l u r e  a n d  B r i n e h  H a n s e n s  m e th o d  a n d  r e f e r e n c e  h a s  b e e n  m ad e  t o  
t h i s  w h e n  d e a l i n g  w i t h  t h e  f o r m e r ®
E l e v e n  m e th o d s  h a v e  b e e n  a p p l i e d  t o  e a c h  o f  t h e  f o u r  e x a m p le s *  
T h o s e  d e s i g n  m e th o d s  a r e  l i s t e d  a s  f o l l o w s :
( see section E )
l • . / .  +  i m e t a o l e
' ^ I n t e r l o c k i n g  • s t e e l  -  p i l i n g .
p a s s i v e  
wedge
S2SSSZSS5
s t e e l  - w a l i n g s .
u n s t a b l e
a e t i v e
wed^e
/ f ii>  /
■ t o e  f a i l u r e  ■
i f  p i l e s  t o o  s h o r t
. . Ca)
0 + 4  . . C R O S S  . S E C T I O N
F i g ,  B 7 . A n c h o r e d  s h e e t  p i l e  w a l l .
P a s s i v e " r e s i s t a n c e s  • a n d  • a c t i v e ' p r e s s u r e s  
U n i f o r m  g r a n u l a r  s o i l  (a x ,< L  1 
. G r o u n d  w a t e r  b e lo w  t o e s  o f  p i l e s
F i g  Jr?} 8 0  E a r t h ,  p r e s s u r e s  , u n i f o r m ,  s o i l ®
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N e t  p a s s i v e  r e s i s t a n c e s  a n d  a c t i v e  p r e s s u r e s
( n e t )  a c t s  a t  t h i r d  p o i n t  o f  O K ,
( n e t  v a l u e s  a r e  u s e d  i n  d e f l e c t i o n  l i n e  m e t h o d )  0 
D O  i s  p e n e t r a t i o n  f o r .  f r e e  e a r t h  s u p p o r t  w i t h  a  
s a f e t y  f a c t o r  o f  u n i t y 0 ( x ) .
U n i f o r m  g r a n u l a r  s o i l ;
G r o u n d  w a t e r  b e lo w  t o e s  o f  p i l e s  *
(  D i s  p e n e t r a t i o n  f o r  s a f e t y  f a c t o r  
S . F  ~  2  a g a i n s t  t o e  f a i l u r e )
/
F i g  +B9 . Ne-'t p r e s s u r e s , u n i f  o m  s  o i l  *
J&.
( a )  g r o s s  p r e s s u r e s  ( b )  n e t  p r e s s u r e s
T h e s e  d ia g r a m s  s t e p  i n  o r  o u t  w h e r e  • $  c h a n g e s '
T h e y  c h a n g e  g r a d i e n t  w h e r e  &  c h a n g e s ,
Som e d e s i g n e r s  u s e  ( a )  a n d  som e ( b )
( b ) ^ i s  a l w a y s  u s e d  i n  t h e  d e f l e c t i o n  l i n e  m e th o d *
/ 2  o
c  4,.C€
T O C  U N IF O R M  S O I L  C 0 N D IT IC W 3 .
( i n c l u d i n g  g r o u n d  w a t e r  w h e n  p r e s e n t ,  ( n o t  i n d i c a t e d )
I n  t h i s  g e n e r a l  e a s e  c o h e s i v e  s o i l  l a y e r s  m a y  a l s o  b ®  
p r e s e n t .
F i g .  b  I  CL S o i l  p r e s s u r e  d i a g r a m s .

P r a c t i c a l  a s p e c t s  o f  d e s ig n
T h e  f u n d a m e n t a l s  o f  e n g i n e e r i n g  . d e s ig n  r e q u i r e  t h a t  a  c o s t  
a n d  f e a s i b i l i t y  s t u d y  b e  m a d e  o f  d i f f e r e n t  p r o p o s a l s  f o r  p r o d ­
u c i n g  t h e  r e q u i r e d  e n d  p r o d u c t ,  s o  t h a t  t h e  m o s t  e c o n o m i c a l  
s t r u c t u r e ,  b e s t  s u i t e d  t o  s i t e  c o n d i t i o n s , m a y  b e  a d o p t e d *
I n  c o m p a r in g  t h e  w a l l s  i l l u s t r a t e d  i n  F i g  . B j  a  g e n e r a l  
r u l e  i s  t h a t  a p p l i c a t i o n  ( a )  w o u ld  o n l y  b e  c h o s e n  i n  c a s e s  
w h e r e  i t  w a s  c h e a p e r  t o  i n s t a l l  l o n g e r  &  h e a v i e r  p i l e s  r a t h e r  
t h a n  a n c h o r a g e s ,  o r  i m p o s s i b l e  t o  i n s t a l l  a n c h o r a g e s *
W a l l s  w i t h  r e l i e v i n g  p l a t f o r m s ,  s u c h  a s  F i g  * B 5 ( c ) a r e  
g e n e r a l l y  r e s o r t e d  t o  w h e n  t h e  s o i l  p e n e t r a t e d  i s  o f  l o w  s h e a r  
s t r e n g t h  t o  s u b s t a n t i a l  d e p t h  m a k in g  t h e  s c a l e  o f  w a l l  a n d  
s p a n  i n v o l v e d  t o o  l a r g e  f o r  s o l u t i o n  b y  t h e  i n s t a l l a t i o n  o f  
w a l l s  o f  t y p e  F i g . B ^ C b )  t h a t  i s  t o  s a y  t h e  m o m e n t o f  r e s i s t a n c e  
o f  t h e  l a r g e s t  s e c t i o n  o f  s h e e t  p i l i n g  w o u ld  b e  e x c e e d e d  i f  
a d o p t e d  a s  i n  F i g « B 5 ( b ) .
I n  p r e s e n t i n g  t h e  f o l l o w i n g  w o r k  i t  i s  i n t e n d e d  t h a t  t h e s e  
f u n d a m e n t a l  i s s u e s  o f  d e s i g n  h a v e  b e e n  a n a l y s e d  a n d  t y p e  *b ? 
w a l l s  a r e  t h e  s o l u t i o n  s e l e c t e d  f o r  t h e  p a r t i c u l a r  w a l l  i n v o l v e d  
f o r  a  r a n g e  c f  v a l u e s  o f  ’ h 1 b e t w e e n  a b o u t  1 0  a n d  4 0  f t *
T h e  d e s i g n e r  o f  t h e  a n c h o r e d  s h e e t  p i l e  w a l l ,  t y p e ’b ’ in 
F i g .  1 1  h a s  a  w id e  c h o i c e  o f  m e th o d  o f  d e s i g n  f o r  a n y  w a l l  a n d  
so m e  c h o i c e  o f  a n c h o r a g e  f o r  t h e  p a r t i c u l a r  w a l l  .he  i s  a n a l y s i n g * .
In t h i s  c o n t e x t  t h e  w o r d  “ d e s i g n "  r e f e r s  t o  t h e  s t a b i l i t y  c a l c u ­
l a t i o n s  i n v o l v e d  i n  a r r i v i n g  a t  t h e  s e c t i o n  o f  p i l i n g ,  d e p t h  o f  
p e n e t r a t i o n  a n d  a n c h o r a g e  l o a d ,  p e r  u n i t  l e n g t h  c f  w a l l  (in p l a n ) .
T h e  a n c h o r a g e  i s  n o t  a  m a jo r  p r o b le m .  I t  m u s t  b e  o f  a d e q u a t e  
p r o p o r t i o n s  a n d  i t  m u s t  b e  p l a c e d  i n  s t a b l e  s o i l  ( F i g . B ? ) - 
R e g a r d i n g  t h e  m e th o d  o f  d e s i g n ,  t h e r e  i s  a  w id e  v a r i e t y  f r o m  
w h i c h  t o  c h o o s e  a n d  l i t t l e  d a t a  o n  t h e .  c o m p a r i s o n  o f  r e s u l t s .
T h e  f o l l o w i n g  c h a p t e r s  a r e  i n t e n d e d  t o  s u p p l y  d a t a  o n  how  
t h e  m e th o d s  c o m p a r e  r e g a r d i n g  d e s i g n  r e s u l t s  a n d  c o s t s  w h e n  
a p p l i e d  t o  f o u r  d i f f e r e n t  w a l l s .
O n c e  d r i v e n  i n t o  t h e  s o i l  t h e  p i l i n g  w i l l  b e  s u b j e c t e d  t o  
t h e  a c t i v e  p r e s s u r e  f r o m  t h e  r e t a i n e d  s o i l  ( a n d '/ o r  w a t e r  p r e s s u r e ) , 
o n  o n e  s i d e  w h i c h  i s  r e f e r r e d ,  t o  a s  t h e  b a c k ,  o f  t h e  w a l l .  T h i s  
c a u s e s  p a s s i v e  r e s i s t a n c e  t o  b e  d e v e lo p e d ,  i n  t h e  s o i3 .  i n  f r o n t  
o f  t h e  w a l l  w h i c h  t h e  p i l i n g  p e n e t r a t e s .
I n  " c a n t i l e v e r "  c o n s t r u c t i o n ,  a p p l i c a t i o n  ‘ a ’ t h e  p i l i n g  
d e r i v e s  t h e  w h o le  o f  i t s  s u p p o r t  i n  t h i s  w a y ,  h e n c e  t h e  r a t i o  
o f  d e p t h  o f  p e n e t r a t i o n ,  OgD t o  r e t a i n e d  h e i g h t  h  i n  F i g . B l l ( a )  
i s  q u i t e  c o n s i d e r a b l e  t o  b a l a n c e  t h e  b e n d in g  m o m e n ts  a n d  s h e a r  
f o r c e s  d e v e l o p e d .
T h e  i n s t a l l a t i o n  o f  a n c h o r a g e s  i n  s t a b l e  s o i l  e n s u r e s  
t h a t  t h e  p i l i n g  i s  t h e n  s u p p o r t e d  n e a r  t h e  t o p  a n d  b o t t o m  
a s  s h o w n  i n  F i g . 339 •
B y  s p a n n in g  a s  a  s i m p l y  s u p p o r t e d  b e a m  t h e  e f f e c t i v e  
s p a n  o f  t h e  s t e e l  p i l i n g ,  t h e  p e n e t r a t i o n  0 D S t h e  m ax im u m  
b e n d in g  m o m e n t a n d  p o t e n t i a l  d e f l e c t i o n s  o f  t h e  s h e e t i n g  
a r e  a l l  s u b s t a n t i a l l y  r e d u c e d ,  c o m p a r e d  t o  t h e  c a n t i l e v e r .
T h e  p i l i n g  i s  t i e d  b a c k  n e a r  t h e  t o p  t o  p a i r s  o f  s t e e l
w a l i n g s  w h i c h  i n  t u r n  a r e  t i e d  b a c k  t o  a n c h o r a g e s  b y  r o u n d
s t e e l  t i e  r o d s *
l o a d  o n  t i e  r o d  =■ T  x  j
l o a d  o n  b a c k  b o l t  ~  T  x  2 .b
( w h e r e  b  i s  t h e  w i d t h  o f  a  s i n g l e  p i l e ) .
N o t e. I s
I n  h a r b o u r  w o r k  i t  i s  p r e f e r a b l e  t o  h a v e  t h e  w a l i n g s  
o n  t h e  b a c k  o f  t h e  w a l l  b e c a u s e  i t  r e m o v e s  a n y  
p o t e n t i a l  o b s t r u c t i o n  t o  v e s s e l s  r i s i n g  a n d  f a l l i n g  
o n  t h e  t i d e *
On t h e  o t h e r  h a n d  t h e  n e c e s s i t y  f o r  b a c k  b o l t s  i s  
o b v i a t e d  i f  t h e  w a l i n g s  a r e  i n s t a l l e d  o n  t h e  f r o n t  
o f  t h e  w a l l .
N o t e  2 :
W h e r e  a n  o u t  o f  b a l a n c e  w a t e r  p r e s s u r e  e x i s t s  o n  
t h e  w a l l  s e e  a. l a t e r  n o t e  " W a t e r  p r e s s u r e  o n  s h e e t  
p i l e  w a l l s "  a n d  F i g . F 3 *
so
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T h e  s y m b o ls  u s e d  i n  t h i s  s t u d y  c o n f o r m  g e n e r a l l y  w i t h  -Bc S . I 9 9 1 J  
P a r t  4 ;  1 9 6 1  ^ A d d i t i o n a l  s y m b o ls  w o r e  n e c e s s a r y ,
b u l k  d e n s i t y  , ' X '  -  s u b m e r g e d  d e n s i t y  l b  / f t *
a
0
e
h
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s  a n g l e  o f  i n t e r n a l  f r i c t i o n  
&  c o h e s i o n
= h e i g h t  o f  s o i l  r e t a i n e d  ^  h g i n c l u d e s  s u p e r  l o a d  f t ,
= p e n e t r a t i o n  o f  s h e e t i n g  b e lo w  d r e d g e  l e v e l  ( t o t a l ) f t ,
=s p e n e t r a t i o n  o f  s h e e t i n g  f o r  s a f e t y  f a c t o r s  I  - f t * .
= d e p t h  t o  l e v e l  o f  w a l i n g s  a n d  t i e  r o d s
* \
a n g l e  o f  f r i c t i o n  b e t w e e n  p i l i n g  a n d  s o i l  
— a n y  d e p t h  b e h i n d  t h ®  w a l l  
= " a n y  d e p t h  i n  f r o n t  o f  t h e  w a l l
d e g r e e s
l b f / f t 2
f t .
d e g r e e s .
f t .
f t .
a n y  p e n e t r a t i o n  o f  s h e e t  p i l e s  b e lo w  p o i n t  o f  “ c r o s s  o v e r ®  
o f  n e t  p r e s s u r e  d ia g r a m * .  f t
d i s t a n c e  b e t w e e n  a d j a c e n t  t i e  r o d s  i n  p l a n  
p i l e  l e n g t h
f t ,
f t ,
d e p t h ( b e h i n d  w a l l ) , t o  l e v e l  o f  z e r o  s h e a r  f o r c e  a n d
h e n c e  m a x im u m  b e n d in g  m o m e n t 
c o e f f i c i e n t  o f  a c t i v e  e a r t h  p r e s s u r e
t a n '2  (4 5  ■» f r )~  X  s i n  p  
I  + s i n  p
f t ,
B z m  a n s i o n l e  s s
K, c o e f f i c i e n t  o f  p a s s i v e  r e s i s t a n c e , a n d  w h en . <5 = O
c o t 2  ( 4 5  ~ f r )
ss icti /
+■ s in  f  -“—"‘-art—
-  s x n  j o
Pa
Fa.
P r>
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© a c t i v e  e a r t h  p r e s s u r e  i n t e n s i t y  a t  d e p t h  z  
t o t a l  a c t i v e  e a r t h  t h r u s t  
p a s s i v e  r e s i s t a n c e  i n t e n s i t y  a t  d e p t h  z .  
t o t a l  o a s s i v e  r e s i s t a n c e
l b f / f t  
I b f .  
l b f / f t  
I b f ,
2
-  l o a d  p e r  f t . a t  w a l i n g  l e v e l  t r a n s f e r r e d  t o  r o d s  . l b f / f t ,
— m ax im u m  b e n d in g  m o m e n t i n  t h e  p i l i n g , p e r  f t ,  
r u n  o f  w a l l  i n  p l a n .  ■ o r
“  t o t a l  lo a d  on a  t i e  ro d *
I b f „ f t / f t *  
t o n f . i n / f t
*1
m . ■ m  m  m m m z
‘ ' . *‘K ,  ^ • g \**\
NOTES CN SYMBOLS.
/ O
p  v a r i e s  f r o m  a b o u t  2 0  t o  4-9 
3a v a r i e s  f r o m 'a b o u t  1 0 f t  t o  J o f t ®
%  v a r i e s  f r o m  a b o u t  9 u l b / f t 3 t o  I g u L b / f t - i
o  t h i s  i s  u s u a l l y  a s s u m e d  r a t h e r  t h a n  k n o w n  b u t  i s  n o t  u s u a l l y  
a s s u m e d  t o  b e  g r e a t e r  t h a n  $ »  I t  i s  o f t e n  d i s r e g a r d e d  o n  t h e  
b a c k  o f  t h e  w a l l *  7 ®
t e  v a r i e s  f r o m  a b o u t  4 8 l b / f t 3  t o  6 5 l b / f t ?
T h e  a u t h o r s  q u o t e d  i n  t h e  r e f e r e n c e s  h a v e  e m p lo y e d  a  v a r i e t y  o f  
s y m b o l s * T h e y  a r e " l i s t e d  a t  t h e  b e g i n n i n g  o f  th ©  d e s i g n  m e th o d  
c o n c e r n e d *
v .
22
T e c h n i c a l  E d u c a t o r , V o l . X * p  S o  C a s s e l s .  ( a b o u t  i 8 6 0 )
B lu m  H *  E i n s p a n n u n g s v e r h a  1 ' t n i s a e  b e i  B o h l w e r k e n .  1 9 3 0
( q u o t e d  i n  5 )
S t r  o y e r *  E a r t h  P r e s s u r e ,  o n  F l e x i b l e  W a l l s  1 9 3 5
P r o c e e d i n g s  o f  t h e  I n s t i t u t i o n  o f  C i v i l  E n g i n e e r s ,
D o n o v a n  H * L e e *  S h e e t  P i l i n g  C o f f e r d a m s  a n d  C a i s s o n s .  1 9 4 5
T e r a a g h i *  T h e o r e t i c a l  S o i l  M e c h a n i c s *  W i l e y *  I 9 4’3
T e r z a g h i *  A n c h o r e d  B u l k h e a d s .  1 9 5 3
P r o c e e d i n g s  A m e r i c a n  S o c i e t y  o f  C i v i l  E n g i n e e r s
P a c k s h a w *  T h e  A p p l i c a t i o n  o f  s t e e l  S h e e t  P i l i n g  t o  
E n g i n e e r i n g  C o n s t r u c t i o n *
' • C i v i l  E n g i n e e r i n g " '  a b o u t  1 9 4 8
P o c k e t  B o o k .  T h e  B r i t i s h  S t e e l  P i l i n g  C o *  L t d *
T s c h e b o t a r i o f f L a r g e  S&r’a l e  E a r t h  p r e s s u r e  T e s t e  w i t h  
M o d e l  F l e x i b l e  B u l k h e a d s  P r i n c e t o n  U n i v e r s i t y , 1 9 4 9
T s c h e b o t a r i o f f * S o i l  M e c h a n i c s  F o u n d a t i o n s  A
E a r t h  S t r u e t u r  e s « M e  * G r aw  H i l l ®  1 9 5 1
P « / y 0R o w a  A n c h o r e d  S h e e t  P i l e  W a l l s
p r o c e e d i n g s  o f  t h e  I n s t i t u t i o n  o f  C i v i l  E n g i n e e r s
I 9 5 s
P * W * R o w e  S h e e t  P i l e  F a l l s  a t  F a i l u r e  - V ) ' } 6
C o d e  o f  P r a c t i c e  f o r  S h e e t  P i l i n g .
D a n i s h  S o c i e t y  o f  E n g i n e e r s ,
B r i n c h  H a n s e n *  E a r t h  p r e s s u r e  C a l c u l a t i o n s
D a n i s h  T e c h n i c a l  P r e s s  * 1 9 5 3
Code, o f  P r a c t i c e  f o r  E a r t h  R e t a i n i n g  S t r u c t u r e s .
mSIM,MKTHQDS RELEVANT REFERENCES. L
R e fe re n c e s  oM e th o d ®
I . F r e e  e a r t h  s  u p p o r t
W i t h  t h i s  m e th o d  i t  i s  n e c e s s a r y  t o  p r o v i d e  a  f a c t o r  o f  s a f e t y  
a g a i n s t  th ©  t y p e  o f  f a i l u r e  s h o w n  i n  F i g .  i f  7 , . ( a )  9
2 * F i x e d  e a r t h  s u p p o r t  b y  d e f l e c t i o n  l i n e ,  ( 4 ) ( 5 ) ( 7 )
3 * F i x e d  e a r t h  s u p p o r t  b y  e q u i v a l e n t  b e a m ( g r a p h i c a l )  ( 7 )
4 . F i x e d  e a r t h  s u p p o r t  b y  e q u i v a l e n t  b eam  ( a p p r o x i m a t e )
" t h i s  m e th o d  i n v o l v e s  a  c o n s i d e r a b l e  s a v i n g  i n  t i m e  and. 
l a b o u r  a t  a  s m a l l  ( l o s s )  i n  a c c u r a c y "
( 7 ) .
( 5 ) *
5 * R o w © 1s f l e x lb  i 11 t y  me t h  o d ,
6  * R o w e ’ s  s h e e t  p i l e  w a l l s  a t  f a i l u r e  
(o p t im u m  w a l l  d e s i g n )
7 o Tseh© b o t a r i o f f 1 a m e th o d *
8 . Dani s h  R u les  met hod
9 * T e r z a g h i s s a n c h o r e d  b u lk h e a d s  method® 
METHODS DERIVED FOR THIS THESI S *
1 0 eThe A rea  M oments method®
I I .T h e  C o l la p s e  method® .
( 1 2 )
( 1 0 )
( X O )
( 6 ) *
N O T E S ,
T h e  d e f l e c t i o n  l i n e  m e t h o d , 2 , h a s  l o n g  b e a n  c o n s i d e r e d  u n w i e l d y  
b u t  n o  a l t e r n a t i v e  h a s  b e e n  u n i v e r s a l l y  a d o p t e d ®
I n  ( 6 )  T e r z a g h i  s u r p r i s i n g l y  c o n t i n u e d  t o  r e c o a u n e n d  t h a t  " t h e  
m ax im u m  b e n d in g  m o m e n t b e  d e t e r m in e d  b y  a n a l y t i c a l  o r  g r a p h i c a l  
m e th o d s  i n  t h e  u s u a l  w a y " *
I n  ( 5 ) ,  q u o t e d  a b o v e , T e r z - a g h i  h a s  d e f i n e d  a  c r i t e r i o n  w h i c h  h a s  n o t  y e t  
b e e n  r e a l i s e d  i n  c o n n e c t i o n  w i t h  d e s i g n d  i n  c o h e s i v e  s o i l s . T h e r e  i s  a  j 
n e e d  f o r  a  n e w  m e th o d  t h a t  c a n  d o  t h i s . T h e  m e th o d  I U  h a s  p o s s i b i l i t i e s !  
i n  t h i s  c o n n e c t i o n ®  I
I t  i s  a l s o  p r o p o s e d  t o  p r e s e n t  m e th o d  I I , w h i c h  w a s  s u g g e s t e d  b y  
M r o G K M o - C o r n f i ® i d j M . S c . T e c h n i c a l  D i r e c t o r , T h e  B r i t i s h  S t e e l  F i l i n g *
Co® L t d ,
EARTH PRESSURE ON SHEET PILE WALLS
T h e  f o l l o w i n g  n o t e s  o n  s o i l  p r e s s u r e  a n d  r e s i s t a n c e  
a r e  n o t  i n t e n d e d  t o  b e  c o m p r e h e n s i v e  b u t  t o  s e r v e  a s  a  
h a n d y  r e f e r e n c e .  F o r  m o re  d e t a i l e d  t r e a t m e n t  o f  t h e  s a m e  
s u b j e c t  t h e  r e a d e r  i s  r e f e r r e d  t o  s t a n d a r d  t e x t s  o n  S o i l  
M e c h a n i c s .
On t h e  o t h e r  h a n d  i t  h a s  b e e n  p o s s i b l e  t o  s u m m a r is e  
a n d  c l a r i f y  d a t a  w h i c h  i s  r e p e a t e d l y  a p p l i e d  i n  t h e  d e t a i l  
w o r k  o f  l a t e r  c h a p t e r s .
T h e  v a r i o u s  t e x t  b o o k s  o n  t h e  s u b j e c t  o f  s o i l  m e c h a n i c s  
d e s c r i b e  t h e  t h e o r i e s  o f  C o u lo m b  a n d  R a n k i n e  w h i c h  a r e  u s e d  
t o  d e t e r m i n e  t h e  p o t e n t i a l  a c t i v e  p r e s s u r e s  e x e r t e d  o n  
s t r u c t u r e s  3/e t a  i n i  r ig  g r a n u l a r  s o i l s »
A c t i v e  P r e s s u r e
A  s h e e t  p i l e  w a l l  r e t a i n i n g  n o n - c o h e s i v e  s o i l  w i t h  a  
h o r i z o n t a l  s u r f a c e  i s  a s s u m e d  t o  h a v e  t o  r e s i s t  a  p o t e n t i a l  
a c t i v e  p r e s s u r e  i n t e n s i t y ,  a t  a n y  d e p t h  2  b e h in d  t h e  w a l l ,  
g i v e n  b y  t h e  r e l a t i o n s h i p
h o r i z o n t a l  p r e s s u r e  p a 1  - s i n  0  
1 ~ + s x n ~ 0
$  z  I b f / f t 2
T h i s  r e f e r s  t o  a n  e x p a n d in g  m a s s  o f  s o i l  w h i c h  i s  n o t  
a r t i f i c i a l l y  c o n s t r a i n e d  a g a i n s t  m o v e m e n t .
2f
z
0
d e n s i t y  i n  l b / f t d 
d e p t h  b e lo w ' s u r f a c e  i n  f t .  
a n g l e  o f  i n t e r n a l  f r i c t i o n
1 -  s i n  0
I t  ivS a l s o  u s u a l  t o  r e f e r *  t o  t h e  f a c t o r  1 + s i n  0  a s  
t h e  c o e f f i c i e n t  o f  a c t i v e  p r e s s u r e ,  K a . I t .  i s  n u m e r i c a l l y  
e q u a l  t o  t a n 2  (4-5 -  p i> )  a n d  r e p r e s e n t s  t h e  r a t i o  o f  t h e  
h o r i z o n t a l  s t r e s s  t o  t h e  v e r t i c a l  s t r e s s .  A s  s o i l  p o s s e s s e s  
s h e a r  s t r e n g t h  t h i s  r a t i o  i s  l e s s  t h a n  u n i t y  a n d  d e c r e a s e s  
w i t h  i n c r e a s i n g  v a l u e  o f  0 ,
T h e  : K a  ■ v a l u e s ,  w h ic h ,  a r e  r e p r o d u c e d  f r o m  8 , a r e  t h e  
c o e f f i c i e n t s  o f  t h e  h o r i z o n t a l  c o m p o n e n t s  o f  t h e  a c t i v e  p r e s s u r e  
S e e  T a b l e  1 .
25 ,
)
F r i c t i o n  t e n d s  t o  o p p o s e  m o v e m e n t .  T h e  a b o v e  t h e o r i e s  
r e f e r  t o  a  p o t e n t i a l  f a i l u r e  w e d g e  o f  s o i l  w h i c h ,  o n  t h e  
p o i n t  o f  f a i l u r e ,  w o u ld  b e  s l i d i n g  d o w n w a r d s  b e h i n d  t h e  
w a l l .
A c t i v e  T h r u s t  o n  t h e  B a c k  o f  a  W a l l  (P, , )     --— CA
T h e  a b o v e  t h e o r y  r e s u l t s  i n  a  t r i a n g u l a r  d i s t r i b u t i o n  
o f  p r e s s u r e  a n d  t h e  t o t a l  t i n 'u s l »  o n  t h e  b a c k  o f  a  w a l l  
d o w n  t o  a  d e p t h  a  b e lo w  t h e  f r e e  s u r f a c e  i s  g i v e n  b y  t h e  
e q u a t i o n s -
a
a n d
J- ' i z 2- w h e n  S  « ^ 1 + s m  0
•X y  V r? 2
2 xva  v  ** l u  t h e  g e n e r a l  c a s e
C o h e s i g n l e s s  S o i l s  
T A B L E  1
V a l u e s o f  }.Ca
5
0  -  3 0 ° f j  =  3  JO =  4 0 ° ^ - 4 5 °
0 O o 3 3 0 . 2 7 Oo 2 2 0 . 1 7
I O O o 3 I CL 2 5 0 . 2 0 0 . 1 6
2 0 0 * 2 8 0 . 2 3 O o I 9 Oo 1 5
3 0 0 * 2 6 O o 2 X O o I 7 0 . 1 4
H o r i z o n t a l  c o m p o n e n t©  o f  a c t i v e  p r e s s u r e  c o e f f i c i e n t s *
0  = 4 5 °  i s  u s u a l l y  a p p l i c a b l e  t o  r o c k  f i l l i n g  o n l y
E f f e c t  o f  W all F r i c t i o n  on A c tiv e  P re s su re
m g
F o r c e s  o n  t h e  
w a l l  a r e  s h o w n
T h e  h o r i z o n t a l  
f o r c e  i s A ~
JL  V ' V  r  r <£■
2  5 "
F ig o  F l  A c t i v e  f a i l u r e  z o n e .
A s s u m e  t h e  a n g l e  o f  f r i c t i o n  b e t w e e n  w a l l  a n d  s o i l  i s  S .
D u e  t o  f r i c t i o n  a  v e r t i c a l  c o m p o n e n t  i s  d e v e l o p e d  w h i c h ,  
a c t i n g  d o w n w a r d s  o n  t h e  w a l l ,  d e f l e c t s  t h e  t o t a l  a c t i v e  
t h r u s t  i n  a  d o w n w a r d s  d i r e c t i o n  a n d  r e d u c e s  t h e  m a g n i t u d e  
o f  t h e  r e s u l t a n t  h o r i z o n t a l  t h r u s t  o n  t h e  b a c k  o f  t h e  w a l l .
T h e  a t t a c h e d  T a b l e  N o .  1  i n d i c a t e s  t h e  r a n g e  o f  v a l u e s  
o f  K a , w h e n  £  i s  t a k e n  i n t o  a c c o u n t .
I t  i s  t o  b e  n o t e d  t h a t  t h e  e f f e c t  o f  S  i s  s m a l l  a n d  a s  
t h e  t h e o r y  p r o v i d e s  a p p r o x im a t e  i n t e n s i t i e s  o n l y  i t  i s  o f t e n  
t h e  p r a c t i c e  i n  d e s i g n  t o  i g n o r e  t h e  e f f e c t s  o f  w a l l  f r i c t i o n  
o n  a c t i v e  p r e s s u r e .
N o t e  a l s o  t h a t  t h e  f o r c e s  o n  t h e  u n s t a b l e  w e d g e  o f  s o i l  
a r e  e q u a l  a n d  o p p o s i t e  t o  t h e  f o r c e s  o n  t h e  w a l l .  C a r e  i s  
n e e d e d  i n  g r a p h i c a l  c o n s t r u c t i o n s  w h i c h  i n v o l v e  t h e  f o r c e s  
o n  t h e  u n s t a b l e  w e d g e  o f  s o i l .
P a  s  s 1v  e Re  s  i  s t a n c e  ( S  *  O )
T h e  h o r i z o n t a l  t r a n s l a t i o n  o f  t h e  w a l l  a w a y  f r o m  t h e  
r e t a i n e d  s o i l  p l a c e s  t h e  s o i l  i n  f r o n t  o f  t h e  w a l l  i n  a  
s t a t e  o f  c o m p r e s s i o n  a n d  t h i s  s o i l  e x e r t s  p a s s i v e  r e s i s t a n c e
Z l-
m o v e m e n t
.
z x n c r e a s
e x p a n d in g
w e d g e
o n  t h e  b u r i e d  p a r t  o f  t h e  s h e e t  p i l e s *  T h e  r e s i s t a n c e  
p o t e n t i a l  o f  a  m a s s . o f  s o i l  u n d e r  t h e s e  c o n d i t i o n s  i s  v e r y  
m u c h  g r e a t e r  t h a n  t h e  a c t i v e  p r e s s u r e  e x e r t e d  b y  a  s o i l  
m a s s  o f  t h e  sam e  d e p t h .
I f  we c o n s i d e r  a  d e p t h  z-j i n  f r o n t  o f  t h e  w a l l  t h e  
R a n k i n e  &  C o u lo m b  v a l u e s  f o r  l e v e l  s u r f a c e  c o n d i t i o n s  
i n  f r o n t  o f  t h e  p i l i n g  a r e  g i v e n  b y  t h e  r e l a t i o n s h i p ; -
P a s s i v e  r e s i s t a n c e  1  + s i n  0  v  z  2
i n t e n s i t y . . . ................... . p r  = 1  ~ ~ s i r T "0  1  l b f / f tjfcr
T h i s  e q u a t i o n  r e f e r s  t o  a  c o n t r a c t i n g  s o i l  m a s s  a n d  z 1 
i s  t h e  d e p t h  t o  t h e  l e v e l  c o n s i d e r e d ,  b e lo w  t h e  h o r i z o n t a l  
f r e e  s u r f a c e  o f  t h e  s o i l .
I t  i s  u s u a l  t o  a s s i g n  t h e  s y m b o l  K  t o  t h e  f a c t o r  
1  + s i n  0  » I t  i s  t o  b e  n o t e d  t h a t  t B i s  i s  t h e  r e c i p r o c a l
I T " H E T
o f  t h e  a c t i v e  p r e s s u r e  c o e f f i c i e n t  a n d  i s  c a l l e d  t h e  
“ c o e f f i c i e n t  o f  p a s s i v e  r e s i s t a n c e ” .
T h e  r a t i o  i s  g r e a t e r  t h a n  u n i t y  a n d  i n c r e a s e s  w i t h  
i n c r e a s i n g  v a l u e s  o f
E f f e c t  o f  T a l l  F r i c t i o n  on  P a s s i v e R e s i s t a n c e
F r i c t i o n  a g a i n  t e n d s  t o  o p p o s e  m o ve m e n t, t in d e r  c o n d i t i o n s  
o f  p a s s i v e  f a i l u r e  t h e  p o t e n t i a l  f a i l u r e  w e d g e  o f  s o i l  w o u ld  
b e  s l i d i n g  u p w a r d s  i n  f r o n t  o f  t h e  w a l l .
A s s u m e  t h e  a n g l e  o f  f r i c t i o n  b e t w e e n  w a l l  a n d  s o i l  i s  <5. 
D u e  t o  f r i c t i o n  a  v e i ’t i c a l  c o m p o n e n t  i s  a g a i n  d e v e l o p e d  
w h i c h ,  ( a c t i n g  u p w a r d s  o n  t h e  f r o n t  o f  t h e  w a l l ) , d e f l e c t s  
t h e  t o t a l  p a s s i v e  t h r u s t  i n  a  d o w n w a r d s  d i r e c t i o n  a n d  
i n c r e a s e s  t h e  p o t e n t i a l  o f  t h e  s o i l  m a s s  t o  o f f e r *  r e s i s t a n c e  
t o  f o r w a r d  t r a n s l a t i o n  o f  t h e  w a l l .
U n l i k e  t h e  a c t i v e  p r e s s u r e  c a s e  t h e  e f f e c t  o f  w a l l  
f r i c t i o n  o n  p a s s i v e  r e s i s t a n c e  i s  s u b s t a n t i a l .  A  v a l u e  o f  
o f  (% )/>  i s  f r e q u e n t l y  u s e d *
T h i s  f o l l o w s  a n  e a r l i e r  p r a c t i c e  o f  a r b i t r a r i l y  
i n c r e a s i n g  K p  b y  a  f a c t o r  m  w h i c h  P a c k s h a w  c a l l e d  t h e  
^ f r i c t i o n  f a c t o r " 0 7 * '
F o r  v a l u e s  o f  0  b e t w e e n  2 5 °  t o  3 0 ° ,  m  w a s  t a k e n  t o  b e  
a n d  f o r  v a l u e s  o f  &  o f  3 0 °  a n d  m o r e  a  v a l u e  o f  2  w a s  
a s s i g n e d  t o  m .
t -  4
N o t e
I n  r e c a l c u l a t i n g  M r  P a c k s h a w 's  e x a m p le  w h i c h  i s  
W o r k e d  e x a m p le  N g „ 2 ? h i s  o r i g i n a l  v a l u e s  o f  t h e  
c o e f f i c i e n t s  K/» a n d  m h a v e  b e e n  u s e d , e x c e p t  
w h e r e  t h e  v a l u e s  o f  c o e f f i c i e n t s  a r e  d e f i n e d  b y  w ' 
t h e  a u t h o r  o f  t h e  m e th o d  c u r r e n t l y  b e i n g  u s e d ,  
e x a m p le  R o w e  ?T , e r z a g h i , e t c  •
I n  c o n s i d e r i n g  p a s s i v e  r e s i s t a n c e  w i t h  w a l l  f r i c t i o n  
a l l o w a n c e  m u s t  b e  m a d e  f o r  t h e  i n c l i n a t i o n  cS t o  t h e  
h o r i z o n t a l )  o f  t h e  p a s s i v e  t h r u s t .  T a b u l a t e d ' v a l u e s  g i v e n  
b y  som e a u t h o r s , m u s t  b e  e x a m in e d  c a r e f u l l y  t o  e s t a b l i s h  
w h e t h e r  i n c l i n e d  p a s s i v e  t h r u s t s ,  o r  h o r i z o n t a l  c o m p o n e n t s  
a r e  l i s t e d .
A  s e c o n d  f a c t o r  i s  w h e t h e r  p l a n e  f a i l u r e  s u r f a c e s  o r  
c u r v e d  f a i l u r e  s u r f a c e s  h a v e  b e e n  a s s u m e d *  (  W h e n  S  =■ O  i t  
m a k e s  n o  d i f f e r e n c e  b u t  w h e n  £  > 0  t h e  a s s u m p t io n  o f  p l a n e  
f a i l u r e  s u r f a c e s  g i v e s  e x a g g e r a t e d  v a l u e s  f o r  Kx> ) *
I t  i s  i n t e r e s t i n g  t o  e x a m in e  t h e  t a b l e  i n  1 0 ,  w h e r e  
T s c h e b o t a r i o f f  g i v e s  v a l u e s  o f  K a a n d  K p  , P a g e  2 4 4 ,
T h e s e  a r e  n o t  h o r i z o n t a l  v a l u e s .
T h e  v a l u e s  o f  K p  f o r  t h e  h o r i z o n t a l  c o m p o n e n t s  n e c e s s a r y  
i n  s h e e t  p i l e  w a l l  s t a b i l i t y  c a l c u l a t i o n s , b a s e d  o n  c u r v e d  .. 
f a i l u r e  s u r f a c e s  a r e  l i s t e d  b e l o w :
T A B L E  2
V a l u e s  o f  K p
c
£> 0  = 3 0 ° ° 0  = 3 5 ° 0  zz 4 0 °
0 3 - 0 3 * 7 4 . 6
1 0 ® 4 . 0 4 . 8 6 * 5
2 0 ° 4 * 9 6 . 0 8 . 8
<?
3 0 5 . 8 7 . 3 I I .  4
I n t e n s i t y  o f  p a s s i v e  r e s i s t a n c e  ~  ~  K p S  z
T h e  a b o v e  v a l u e s , w h i c h  a r e  r e p r o d u c e d  f r o m  8 , a r e  t h e  
c o e f f i c i e n t s  o f  t h e  h o r i z o n t a l  c o m p o n e n t s  o f  t h e  p a s s i v e  
r e s i s t a n c e .
F i g .  F  2» P a s s i v e  f a i l u r e  z o n e .
Water Pressure on Sheet File Walls*
For a detailed study of this topic see chapters developing 
the "concept of effective pressure"* in texts on Soil 
Mechanics. See also 8.
Regarding vertical pressures %
(S  = (T «= u
where <f ~ total vertical pressure
® effective vertical pressure , due to the mass 
of soil grains immersed in water, plus the 
superimposed load, 
u - neuti’al stress( ie water pressure ).
i In computing effective vertucal pressures Cf' ( in the
presence- pf ground water ) 5the submerged density
~ bulk density at saturation - density of
water5can be used*
3 0
T o  a r r i v e  a t  t h e  e f f e c t i v e  h o r i z o n t a l  s o i l  p r e s s u r e s  
t h e  e f f e c t i v e  v e r t i c a l  d o w n w a r d s  p r e s s u r e s ( f r o m  t h e  s o i l  
o n l y ) , a r e  m u l t i p l i e d  b y  t h e  a p p r o p r i a t e  c o e f f i c i e n t ,  K a  
o r  Kp+
F i n a l l y  t h e  w a t e r  p r e s s u r e s , d u e  t o  t h e  h y d r o s t a t i c  
p r e s s u r e  ( e q u a l  i n  a l l  d i r e c t i o n s ) 5t i r e  a d d e d  t o  g i v e  t h e  
t o t a l  h o r i z o n t a l  p r e s s u r e s , s o i l  p l u s  w a t e r , o n  th ©  w a l l s
I t  i s  u s u a l  t o  a s s u m e  s t a t i o n a r y  w a t e r  o n  e i t h e r  s i d e  o f  
t h e  w a l l , a l t h o u g h  d i f f e r e n t  l e v e l s  o f  w a t e r  a r e  t a k e n  a t  
d i f f e r e n t  s t a g e s  o f  t h e  t i d e ( i n  m a r i n e  w o r k ) , t i d a l  l a g  
b e i n g  a n t i c i p a t e d  a n d  k e p t - t o  a  m in im u m  b y  w e e p h o le s  i n  
s u i t a b l e  s o i l s .  T h e s e  w o u ld  b e  i n s t a l l e d  j u s t  a b o v e  t h e  
d r e d g e d  l e v e l .  S e e  F i g .  F  3»
S e e p a g e  w o u ld  r e l i e v e  so m e  o f  t h e  w a t e r  p r e s s u r e  o n  t h e  
b a c k  o f  t h e  w a l l , h e n c e  t h e  u s u a l  d e s i g n  a p p r o a c h  i s  o n  t h e  
s a f e  s i d e .
A  m o d i f i c a t i o n  t o  a l l o w  f o r  s e e p a g e  i s  c o n t a i n e d  i n  
T e r z a g h i * s  " A n c h o r e d  B u l k h e a d s " .  T h i s  i s  i n c o r p o r a t e d  
i n  t h e  w o r k e d  e x a m p le s *
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The Fre e  E a r th  Su p p o rt Method
F i g s .  B 9 ,  F 3  cSc G1 r e f e r .
I n t r o d u c t i o n
I n  t h i s  m e th o d  u n i t  l e n g t h  o f  w a l l  ( i n  p l a n )  i s  c o n s i d e r e d  
a n a l o g o u s  t o  a  s i m p l y  s u p p o r t e d  b e a m , F i g .  B 9 «  T k Q e n d s  o f  
s u c h  a  b eam  a r e  f r e e  t o  r o t a t e  a t  t n e  p o i n t s  o f  s u p p o r t ,  t h e  
l i n e  o f  t h e  u p p e r  s u p p o r t  b e i n g  t h e  t i e  r o d  l e v e l .  B y  
e q u a t i n g  m o m e n ts  o f  s o i l  p r e s s u r e  &  r e s i s t a n c e  a b o u t  t h i s  
l e v e l  t h e  p e n e t r a t i o n  f o r  “ f r e e  e a r t h  s u p p o r t "  i s  o b t a i n e d .  
T h i s  m u s t  be i n c r e a s e d  t o  p r o v i d e  a  s a f e t y  f a c t o r  a g a i n s t  
t o e  f a i l u r e  ( F i g .  B 7 a ) . T h e  v a l u e s  o f  t h e  m ax im u m  b e n d in g
o ? m+ hn ' l o a d  U? e d  i n  d e s l S n  a r e  f r o m  t h e  s o l u t i o n
e a r t h  s u p p o r t  c o n d i t i o n , b e f o r e  i n c r e a s i n g  t h e  
ps-tiie ix <ATiion* ’ • ‘ ' 1
S t e p s  i n  t h e  m e t h o d .  F i g  B  9-
( 1 )  C a l c u l a t e  t h e  v e r t i c a l  s o i l  a n d  w a t e r  p r e s s u r e s .
( 2 )  C a l c u l a t e  h o r i z o n t a l  a c t i v e  p r e s s u r e s  a n d  p a s s i v e  
r e s i s t a n c e s .
( 3 )  T a k e  m o m e n ts  a b o u t  t h e  l e v e l  o f  t h e  l i n e  o f  a c t i o n
o f  T  t o  f i n d  t h e  d e p t h  o f  p e n e t r a t i o n  DO -  ( a  + b )
( t h e  p e n e t r a t i o n  f o r  f r e e  e a r t h  s u p p o r t ) ,  f r o m  
A c t i v e  p r e s s u r e  m o m e n ts  — ^  n e t  p a s s i v e  r e s i s t a n c e
m o m e n ts ,  i . e .  m o m e n t o f  a r e a  o f  t r i a n g l e  K L O  a b o u t  T .i
33
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(4) Find P (net) =■ area KLO. Find also ;> Pa .P
(5) Obtain load per unit length of wall at waling level,
from T = <* Pa - Pp (net).
(6) Determine the level of zero: shear force, at depth 
h-L behind the wall. (Beffor to Fig.Gl). The snaded 
area above D fl' in Fig.Gl is equal to T.
(7) Calculate the maximum bending moment in the jpiling 
froms-
M = T (y3 - y4 )
where y4 is the distance to the centre of area of 
the shaded area, measured from tie rod level.
(8) Increase trie penetration from x^ to D to give a 
safety factor against toe failure, such than;-
Passive resistance moments about T
- S„F. x ^Active moments.
Refer to worked examples.
Conclusions
(1) The method is quick and uncomplicated.
(2) The results are not economical in terms of pile 
section and anchoi*age loads.
(3) A safety factor on "toe failure" is essential arid 
while it should not be less than 2.0, greater values 
will approach fixed earth support conditions.
(4) Many walls have been constructed by this, "classical" • 
approach and the meuhod is safe.
(5) Any method which gives a heavier design should be 
disregarded.
54.
For uniform, so 13. conditions , (granular soil), 
where the ground water table is below the toes of 
the piles, the following equations relate to the 
‘steps in the method*as previously outlined*
R eferring to  Fig B 9 a**& G X*
(I) Pv (2) po a k,Xa z
Pp -  k h' z ,
Net passive resistance diagram increases as 
*6 ( k - ka ) per unit of depth
k
(3) Active pressure moments :
§ kJf( h + x,=.) ( h + x t) - Dt
Net passive resistance moSients :
i 2 Ki . + h
L 3 ’
Dt
For a factor of safety of unity (against toe
failure*)the sum of the above moments is zero. 
h
(4) When, condition (3) is achieved t
! =s sum active pressures, from -the top of the wa3.1 
to penetration x 
- sum passive resistances to penetration z^- x f
(.5) T = A k X ( h rt x , r" a
X  \rSL ivp  x l
(6 ) In Fig G I s T
h.
k  * J h2a 7-
g r ~ ~
35.
(7) Taking moments about th is  point a t depth ho
(8) Increase the penetration from D  Q  to I) 6 f to 
obtain a safety factor against toe failure.
Using pressure areas K 0/3L/
K O L
the following equation is obtained;
Design Charts R 19 to R 34, inclusive
These were obtained by solving the above equations on 
a computer equipped with an automatic graph plotter.
.j ♦The charts are limited to granular soil above the water 
table.
o 0values of 0 from 2.0 to 44 are included
See section K
Fixed Earth Support Method fly D e fle c tio n  Line
Introduction
The free earoh support condition requires a depth of 
penetration such that the sum of one moments of active 
pressures about the tie rod level, is equal to the sum of 
the passive resistance moments* This corresponds to a 
statically determinate structure and the depth of penetr­
ation is xq, Fig.Bll(d), The sheet piles may be driven 
deeper, producing statically indeterminate conditions®
Full fixing moment at the lower end of the pile is
theoretically obtainable from the Coulomb pressure distrib­
utions when the penetration reaches B, i.e* the deflection 
is zero. A number of different degrees of end fixity are 
available with penetrations between Xq and Dq in Fig.Bll(f). 
There is a wide range of potential bending moment closing 
lines between A and the bending moment curve,(between the 
upper penetration limit Xq corresponding to free earth 
support and B), where there is zero bending moment at full 
fixityo
The further penetration from B to D is required in order
to balance the lateral forces on the piling* This is a
short distance because of the very substantial passive 
resistance available at this depun behind the piles*
Terzaghi quotes D - 1*20-, ) pig* 12(f)
and Packsha-.v quotes D = a + l«2(Dq~a) )
Driving deeper would waste steel as the piling would not
be stressed or necessary . 7 Fig»4.
The statically indeterminate condition in the case of 
anchored sheet pile walls was solved by a graphical process 
combined with trial and error. This became known as the 
"deflection line" method* It was the alternative "classical" 
solution to the free earth support method*
It is based on the requirement that there shall be no 
closing error on the deflection diagram for the wall at 
penetration D-. , i*e* there are condiuions of zero deflection 
and bending moment at point B in Fig.Bll(f).
If the closing line AB intersects the bending moment 
diagram too near tne dredged level the deflection diagram 
will fail to close. (Fig*G2). If the closing line AB is 
based on too big a value of Dq tne deflection diagram will 
cross the base line*
The full procedure is described as followst-
*7.
Steps in Design Refer to Fig*G2.
(1) Draw a cross section through the wall to any 
convenient scale7 assuming any depth of penetration.
(2) Calculate and plot the net diagrams of active pressure 
and passive resistance.
Divide the diagram up into convenient areas to give 
forces F^, etc.
(3) Draw a polar diagram, assuming a convenient polar 
distance and a suitable scale of forces.
(4) Project the lines of action of the forces and draw 
a link polygon of bending moments whose links are 
parallel to the appropriate rays of the polar diagram.
(5) Assume a closing line, (such that when the deflection 
diagram is drawn, zero deflection is obtained at the 
depth D-j i.e. the same level as the point of inter­
section of the closing line with the link polygon).
(6 ) This is a trial and error process of solution. Areas 
of which A-, is typical, are treated as forces and steps
(3) and (47 are repeated at (7) and (8 ). If the co­
incidence described in (5 ) is not achieved a second 
closing line is drawn and (7 ) and (8 ) are constructed 
again.
(7) & (8 ) Possible repetition.
(9) Design: Bending Moment (M)
Using the corrected closing line at (5)? the maximum 
ordinate on the bending moment diagram is scaled off 
and converted as shown on the diagram.
(10) Tie Hod Load (T)
On the polar diagram (3)? a line is drawn parallel 
to the corrected closing line at (5 )» T is measured 
off and converted to a force.
(11) Depth of Penetration (D)
To provide an adequate penetration to balance shear 
forces on the piles the" depth D-, is increased so that 
D = 1.2 x D1 .
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O
u  
u  0 0 , <u boy
-S<eOO
O  l' u (—1 
o
/■X
0  
P
a *-1-1 ^-s
8  
H  0
0-bj
c  ru 
p
0
01 
ud c o w•rf k
* * £  O Q
f h
r
o
o
p
jaj
o  
Cuty
L
0  jjp  QM  o
3*
rT W k 
CM ‘Jk. e O
M
- c
cnII 5JC
£
+
ty
P
so
C
£
o
£
CD.C
S i
cQJ
©
ty
•c
p
o
o ,
p <
r 4A*
S
rrJo
•rl
fr.e*»
rH
rHCtl
$t
0)
rH
Of
•1-30
<3
0
Ki
0
U
ord«qw;
Q
0XI
P
a
&n
1
p
w*hi 
EH 
C '
i*ssU.-I
ft.CH
p
C\J
m
60
•HCrx
/■ ?U-7 3#
D isadvantages
1* The method is tedius. It can be shortened with no 
great loss of accuracy by going as far as step (4) 
and then assuming a closing line such uh'at the maximum 
positive bending moment = 1.2 x maximum negative 
bending moment, then go direct to steps (9) (10) and 
(11).
2. An understanding of the scales of bending moment and 
deflection is not easy, though the magnitude of the 
latter is not used.
\In this method t - penetration depth less depth to 
"crossover", ie. t = (D - a). The method is defined in
p / l t  . (7 ) •
Introduction
As in the case of the equivalent beam (approximate) 
method the solution depends on knowing the depth of point 
C below the excavation level. See Fig.Bll(f) and Fig.G3* 
From statistics based on previous solutions of the deflec­
tion line method tables are available such as that in the 
B, SP Pocket Book snowing values of this dimension x corres­
ponding to different values of 0, eg, when 0 =• 30° x = O,C0H, 
This gives the position of B , the lower reaction of the 
"eqivalent beam". The graphical construction of the deflec­
tion line method is carried out but not extended below this 
level, nor does it require a vector polygon for deflections*
(The vector polygon in Mr, Packshaw's paper is for bending
moments). The required polygon is based on earth pressures 
only: resistance is not included, The bending moment curve 
is drawn & its base line is' obtained by joining the points 
of intersection on the bending moment curve of the lines
of action of T and Bo.
The Equivalent Beam (Graphical) Method
Discussion
Assuming the correct value of x is adopted the method 
must give the same results for maximum bending moment M 
and anchorage load T as the deflection line method, within 
the limits of graphical construction. In the case of worked 
example No*l, the distance x from deflection line construct­
ion, is 3*2 ft. and this is the "correct" value. The factor*
0.Od underestimates this, giving x = 2.4- ft., hence in this 
example the tie rod load T is slightly lower than it should 
be and so is the bending moment.
Regarding worked example No.2, the distance x from the 
deflection line construction, is 1*9 ft. and this is the 
"correct" value* The factor O.OS, used in the equivalent 
beam graphical method overestimates this, giving x = 2*7 ft, 
hence in this example the tie rod load T is slightly higher 
than the true fixed earth support solution and so is the 
maximum bending moment. This is confirmed in the comparisons 
in Mr. Packshaw»s paper and on Summary sheet (b).
Conclusions
It is therefore concluded that the accuracy of this 
method depends on the accuracy of the factor (equivalent 
to 0 .0 8) adopted by the designer®
(The normal tabulated values are cased on a value of 5 
having increased the passive resistance coefficient Kp
by a factor m ? 1*5)-
Terzaghi also quotes x = 0*08H in 2 P.226, again based
on statistics but on P. 227 he quotes x = u.0.1H,'"for sandy
soils.
(Granular Soils only)
Steps in the Method
Draw a diagram of net pressures due to soil and water 
(Fig„G3 is typical)
1* Determine the level of -the line of action of Bo from
the taole opposite, which gives values of x. Table 3«
(Bo acts at the point of cross-over of the bending 
moment diagram which is not drawn).
(h + x * Dp) is the span "I," of an "equivalent beam"*
2* Determine the total load on the span. (This is the
shaded portion of the pressure diagram)
Total load = W
4.. Select suitable .section of sheet piling.
5* Determine Bo by taking moments about tie rod level. 
6 .' Determine depth of penetration D, from;
Span (h + x - Dp)
3. Determine bending moment in piling, from
M max. ~ WL
U
D
7. Determine load at tie rod level, from
T ~ W - Bo 4 area of pressure diagram 
between T and the tops of the piles.
ii
4 3
/
Typical pressure diagram. Bending moments
Fig. G 3 Fig. G 4.
TABLE 3 ’ ~ . Tv, >
X “ O.Xjh when 0  = 2?°
X - 0.08 h  « ~ JZT =• 30° , >
X * G. 03 h ® 0  = 35°
P-4
{'
Rowe’ s F1 e x ib i  11 ty  Me t  h od
Introduction
It was long suspected that ,the maximum bending moments 
obtained in the solutions of conventional methods applied 
to granular soils were higher than those actually obtain­
ing in flexible structures•under field conditions* (Struct­
ural collapse of walls due to sheet piling failing in 
bending are almost unheard of and would only occur where 
gross underestimations of site conditions take place).
•Tests with model flexible bulkheads were made by Otroyer 
(13). He measured the bending moments in a model and found 
them to be much less than those calculated on the basis of 
the theoretically distributed earth pressures. The concepts 
of “soil arching” and “redistribution of soil pressures”
(the latter being now much better understood) were partly 
derived from these tests.
As a result of the tests many designers adopted reduct­
ions in design bending moments, but reasons for caution 
regarding Stroyers results were propounded by Tschebotarioff
(10), P.2 9 2 .
The most important single contribution and forward step 
in the progress© of the design of anchored steel sheet pile 
walls was made by Professor Rowe with the publication of 
the results of his model experiments and resulting design 
method in (1 1 ).
Discussion
This metnod' proposes moment reductions for the sheet 
piling, resulting from its degree of flexibility and the 
density of soil penetrated. The design process involves 
solving a particular version of the free earth support 
method, due to Rowe, to obtain the “F.E.S.“ values of the 
bending moment and tie rod load.
A flexibility number is employed which is given the 
symbol = H^ei and is not dimensionally homogeneous, ie. 
H is the. length of piles used measured in ft.
E.I. is the product of Young’s modulus (Ibf/in' ) and the
moment of inertia of the pile section (in^/ft.).
- (second moment of area)The following symbols are also useds-
h
-* ratio of height retained r pile length - H
Dt
/3 ~ ratio of depth of tie rod ~ pile length = H
Rowe made provision for the possible use of timber and 
reinforced concrete piles as well as steel .piles. His method 
involved the plotting of an "operating curve" and a ‘.'struct­
ural curve" and the determination of their point of inter­
section. \\ „ ,As stee3. sheet pi3„es are produced rn only a 3.imited
number of sections A t  is expedient to draw curves of the
percentage F.ES values (x'ecommended by Rowe) as'ordinate,
against the pile length H in ft. for each section of
piling which is rolled. This obviates the.necessity of
drawing operating curves at the design stage and shortens
the method. (In the original work the percentage bending
moment reduction factors, shown as the ratio 1 0 CM , were
■ Mp.E.S.plotted against values of the flexibility number (O )*
For the application of the method the reader is referred 
to the original paper, the following intex^pretation and 
its use in the worked examples:-
Steps in the Method Figs. H 4, 14, 23 & 32*
(1) Draw the diagrams of active pressure, due to the
retained soil and water pressure using
Coulomb values with S  =-§0. Also draw , the diagram 
of potential passive resistance in front of the piles 
using the Coulomb value with £  =■ o, divided by a 
safety factor of 1 .5 .
(2 ) It is necessary to calculate the value of the shear 
force at the toe which a3.so offer's resistance (Ts). 
(The above diagrams are based on an assumed penetra­
tion). Rowe confirmed the existence of this.toe
shear force T and in calculating this force it is
to be noted that an assumption regarding. Wg , the
weight of piling per ft2 must be made. 7 ’
(3) Take moments of the active soil pressures about the 
tie rod level and at the same time calculate the 
magnitude of this pressure.
(4) Assuming a penetration depth, evaluate the resisting 
moments due to the net passive resistance and the 
toe shear force. The latter assumed to.act at 
penetration depth below the dredge level.
By trial and error a solution is obtained' to balance 
the active moments and obtain the required penetration 
of the piling.
(5 ) The F^E.S. value of the tie rod load is obtained by 
subtracting both the net passive resistance and the 
toe shear force from the net active pressures*
(6 ) The level of zero shear force is determined and the
value of the maximum bending moment for F * E <, S
conditions is calculated.
(7 ) The moment of inertia of the proposed pile section 
is calculated from:
I « z/ft. x half width
then p  =s BI is determined and hence log e
From the appropriate chart foi% loose or dense soil the 
corresponding moment reduction factor and tie rod 
reduction factor are ootained. Figs. G5(a) and (b). 
Multiplying these factors by the appropriate F.E.S 
values of bending moment and tie rod load the values 
for use. in design are obtained.
(8 ) The bending stress in the piling is checked and if 
tgis is too nigh a stiffer section of piling is 
chosen and stage (7 ) repeated.
(9) Tie rods, walings and anchorages are proportioned 
to resist the tie rod load.
Note regarding stage 7 aboves
In Rowe's original proposals,structural and operating curves 
were drawn and their intersection point found®
Rowe included for timber and reinforced concrete piles®
For steel piles there is not a universal choice of section 
so the method can be greatly shortened by using the design 
charts R6,7&& provided here for loose soil,or charts R 12,
13 & 14,for dense soil®
'Drawing office procedure would be greatly simplified if 
handbooks on sheet pile sections would include a list of 
flexibility numbers for a possible series of wall heights . 5 
(P.VKRowe Ph.D,,'The flexibility characteristics of sheet- 
pile walls', The Structural Engineer, May 1955)*
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It can be seen that the penetration and length of pile 
obtained from the method are often not less than those 
calculated by the deflection line method no correspond 
to fixed earth support at the. toealthough the basis of 
design is a modified free earth support approach,
A second factor to be noted is that if the,proposed 
pile is relatively stiff and driven into loose sand no 
reduction in bending moment is obtained, the value of 
log p being to the left of the intersection of the moment 
reduction curve with the level of what R o w e called Umax
Rowe commented on this by saying, 6 ?59* "Driving deeper 
does tend to increase fixity conditions, but if the soil is 
loose and the section stiff, a very considerable increase 
in the length of the pile is necessary to produce complete 
fixity."
From bis comments we can conclude that the method gives 
free earth support plus a safety factor of 3 against failure 
and in conditions of dense soil and flexible piles penetra­
tions obtained by the method are at least equal to those 
required for complete fixity.
Conclus ions
c  /§■
s o
Rowe1 s Sheet Pile Walls at Failure Method, 
( This^f olio wed the "Flexibflity method)
i) Limit design calculations®
ii) The free earth support calculation.
Introducti on
Ref 12,
w 1 2 *
The second of these two approaches was connected with 
laboratory model tests in* order to compare, results with 
the theory of the first approach®. The test soil, was dry 
sand in the loose condition©
i) This method and z h e method of Brinch Hansen are based 
on the wall developing yield hinges and simultaneously 
the soil is in a st&ue of failure. Some of the notation 
(symbols) used by Rowe were first used by Brinch Hansen,
The concept of safe walings, tie rods and anchorages 
and failure of the wall itself, by rotation about the tie 
rod level,was adopted by Brinch Hansen, who defined posi­
tive rotation as "increasing the angle between the wall 
and the soil surface". His interpretation of this concept 
was developed by Rowe and the same convention adopted 
i*q gar ding rotation.
They assumed that such rotation induces passive resistance 
in'the sbil'behind the wall, above the tie rod level, as well 
as in the soil in front of the wall below the dredge level. 
There is, as a result, a "pressure jump" near the level of 
the tie rod.
The Failure states depend not only on this feature but 
, also on the ratio of the penetration ha to the total length 
of pile employed, (h ). When the ratio is small yield 
hinges do not develop and the piles fail4oy toe failure. 
Larger ratios produce the possibilities indicated in Fig.G6 
(reproduced from Rowe P. 277).
(a) (to)
i....
jr r1
1 I
1 i
I \
I
one hinge
no yield 
hinge
(d>
Z T
(e)
J
two yield 
hinges
Fig. G 6 © Plastic hinges & pressure
diagram.
(f)
S i .
-V- ' -wic 1
F*£.S 
Ka & H 2
values of cK
F r e e Earth support values for 
uniform cohesionless soil 
(after Rowe)
Fig. Go 7®
M T.E.S.
,3
K ri '6 Ii
o<_H
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M - o H - i r L h
\
_J.
/3  J-f
n r
3
Ka)f H
The analytical approach to case (a) is applicable to 
worked example No I. It is interesting to compare the 
results of this analysis with the results of both ii) 
and the * optimum proportions® for this method*
Refer to worked example No I*
ii), For loose sand Howe quotes?
= 9 5 ib/fU f 0 = 3 0°, ka ~ 0 .2 6 6 .
The value of ka is smaller than the Coulomb value 
because of the pressure ‘jump* near the tie rod level*
The results of Rowels F.E.S. calculations were plotted 
in his Fig 10. For ease of reference this is reproduced at 
Fig* G 7.
In making use of this data in a design check one 
would assume values of ek and /S . Using Fig.G'7 the* free
earth support values of tie rod load and maximum bending 
moment, in the..piling,are obtained,,Variations in soil 
properties are not included,nor are the presence of ground 
water and tidal lag.
For comparison purposes only the^k and Rvalues 
obtained from, the Flexibility method have .been used to 
find waling loads and bending moments from Fig. G 7*
Before proceeding to this comparison it is interesting 
to examine a third approach:
iii) Rowe made a theoretical cost comparison on the basis 
of which he was able to offer the designer an 
’optimum* design which employed the most economical
ratios of and/S .He defined these proportions in his Fig.3oc0 
Please refer to Fig. H. 6 .
This approach is used in conjunction with the F.E*S values obtained from Fig. G /.
S3
Rowe uses the concept of the fees "earth support valuei 
modified by a. reduction factor,in the Flexibility method 
and in this method* As different pressure distributions 
are used in the Sheet File tails at Failure method the 
FoFoSo values used in the method are different from those
D iscu ssion .
of the Flexibility method and must not be confused, 
In the following comparis ons 5 values of ^ are as 
used in the conventional methods but the value of It, 
corresponds to Rowe’s data for loose sand*
WORKED EXAMPLES - F.E.S VALUES COMPARED.
From the results of the Flexibility method 
©heck the calculated F.E.S values using Fig.10 in 
Rowe P. 2 9 1 , See Fig. G 7 for ease of reference.
WALL ,1 (Loose soil)
H =• 4-4 ft.
0.P
o< =» 3 0 . = 0 . 6 844
K& — O.266
= 1 1 0  lb/ftd
also MFwEbS
Ka X  h3
0.04-3 (from Fig.10.)
hence M = 0.04-3 x 0.266x 110 x 44^
M - 108,000 Ibf ft/ft
M “ 3 8 0  tonf * in/ft.
(Flexibility method calculated value 575)
WALL 2 (Variable soil)
H ' - 33 . 8  * 14.9 = 48.7 ft.
a  ~ 8 164
P  4877
°< = 3,3.8 = 0 . 6 9
48.7
K* - 0 .266 3
X
1 2 0  lb/ft'
also Mp.E.S - 0.034 (from Fig. 10)
K^”Y~H3
M = 0.034 x 0.266 x 120 x 48.70
M ~ 126,000 Ibf.ft/ft.
M ~ 670 tonf.in/ft
(Flexibility method " calculated value 750)
54-
WALL 3 (Loose soil); 
H
o<" =
also
Ka
x
m f .e .s 
Ka # H  3
hence Bl =
Bl 
M
(Flexibility method
3!?20
20 + 1 5
4
0.57
35 f t ,
0 .1 1
Oe 266 -J
100 lb / ft3
o020 (from Fig. 10)
,028 x 100 x 0.266 x 3 p  
32,000 lt>f. ft/ft 
172 tonf.in/ft.
calculated value 2 3 9 )
WALL 4 ( D e n s e s o i l ) S
H — 40  ■+
/3 — 85 0
©< — 40
5 0
Ka =a 0 . 26 6
v
=5 1 1 0  :
®F.,E.S
K a  X
* 0 3 7
54*8' ft.
O. .146
o*73
also
 (from Fig. 10)
hence M - 0.266x110 x .037 x 54.8^
M = 1,770,000 Ibf. in/ft.
M = 95.0 tonf. in/ft.
(Flexibility method calculated value 865)
Loose soil.
It is apparent from these calculations that the F.E„S 
values from Fig.G7 (which are based on uniform soil cond­
itions), are substantially smaller than those calculated 
from the Flexibility Method,where .modified Coulomb •••• ■ 
values were, applied ton non-uniform soil conditions.
This is to-bs‘expected.
In the attached calculations and comparison of methods 
worked Example No.l has been calculated from the full method 
assuming no yield hinge. A calculation follows this based 
on the "Optimum Wall Design" (see Fig. h 6).
The other worked examples have been solved oil the basis
of the "Optimum Wall Design" proportions, only - applied
to the F*E®S values from F ig . G 7*
£  5
/■rtf .'-y
/ Unlike the traditional methods of "Free'Earth Support" 
and "Deflection line", Rowe’s "Sheet rile Walls at Failure" 
methods have not been tested by building full scale walls 
to these proportions. It is recommended that the results 
of calculations by these methods should be used for compar­
ison purposes with other methods in deciding the dimensions 
of particular walls.
The designs produced by these methods are bolder than 
those resulting from more conventional methods of analysis*
Rowe’s work referred to uniform loose sand. Obvious 
discrepancies must exist if an attempt is made to apply the 
method to non-uniform conditions*
It is concluded from example No, 1 that the F.E.S. values 
obtained from the Flexibility method and the (Sheet Nile Walls 
at Failure method are very similar in magnitude, for uniform 
soil conditions. For the latter method applied to non-uniform 
soil FJikS© values are not available.
Worked Example No.l is the only one to which the methods 
can be applied hence the approach is limited because it does 
not enable cases of superload and ground water to be solved.
Regarding the "Optimum" proportions, these give remarkably 
low design bending moments when compared to conventional 
methods and should be used with considerable caution.
It is the absence of ground water which causes the large 
discrepancy in design bending moment between the results of 
this method and other methods, See comparison sheets.
The 'optimum1 design proportions fix the values of o< and^. 
The corresponding values of tie rod load and maximum, 
bending moment,for design,ares
T = 1.25 x 0.17 x 0.266 x 95 x H2
2 r Wo'T =■ 5*38 H where H * |h + D + -te— “ L  ^ 9 5
M ~ 0*3 x. 0 .3 3  x  0 . 2 6 6 x  95 x  H
M  » 0.25 in English units of Ibf and ft©
The penetration D is given in terms of retained height 
and equivalent height of superload bys
W<z pD 0 . 3 6 6 x ( h + ~ m p  ) when ws is in Lbf/ft 
See Fig H 6 and Chart R 1 6 ©
Conc lu s i ons
T sch eb otario ff*s Method
Introduction
Acting on behalf of the U.S. Bureau of Yards and Docks 
Professor Tschebotarioff carried out extensive earth 
pressure tests with model flexible walls at Princeton 
University* His final report was dated January 1949* 9® 
His text book on Soil Mechanics followed this* 10.
The conclusions from the experimental work and a 
summary of the design proposals are presented in the text
book, together with an objective criticism of Stroyer»s 
apparatus and equipment. 3 . The author also presented a 
comparison of design results for three conventional method 
and the Danish Rules, all applied to the same wall. Such 
comparisons are rare but very valuable inacquainting the 
designer with the "order of magnitude" results he can 
expect.
Discussion
The design procedure recommended by Tschebotar iof f ! 
is intended to afford a condition of fixed earth support 
at the toes of the piles, with a point of contraflexure 
approximating to the dredged level. The author likens 
it to a simplification of Blum’s Equivalent Beam Method.
He bases the required penetration od a factor of u.43 x 
retained height, one effect of this is to obviate the 
necessity of drawing the distribution of active pressure, 
and passive resistance below the dredged level.
The active pressure coefficient Ka is derived from the 
author’s own equations-
a '
K ■ ~ ( 1  - f ’H ) x o.3 3f»«
In this equations-
a - depth to anchor level 
We are told f* » 3 0  and this coefficient is
intended to allow for the soil, properties above the anchor 
pull.
The coefficient f ” 1 ~ 0.9 allows for the assistance, 
afforded by wall friction on the back of- the wall.
Having obtained Ka the active earth pressure diagram 
is drawn to terminate at dredged level.
It is then very easy to solve for tie rod load and 
maximum bending moment because the level of T  is known 
and in addition the level of the second reaction and span 
of the "equivalent beam '5 have been assumed* (Refer to 
specimen calculations in the "Worked Examples")*
Conclusions
1. The proposals of Tschebotarioff are relatively 
simple to apply and in loose soils they produce a "bolder" 
design than the classical methods i.e. smaller pile section*
2. The criterion for penetration given by 0.43 x retained 
height, regardless of varying soil data, was probably 
viewed by most practising designers with an element of 
uncertainty because it seemed too simple.
3. In any case the proposals were not generally adopted. 
Tschebotarioff appears to possess an individuality of 
approach. He is sometimes criticised by great contempor­
aries such as Terzaghi 6.1312, Rowe , and others.
4® Tschebotarioff's method offers a rational alternative 
to the "classical" methods but is relatively unproven in 
the absence of performance.
5® Tschebotarioff was the creator of an independent fixed 
earth support method, (based on his own experimental observa­
tions). This produces less conservative results than the 
"classical" fixed earth and free earth support design methods, 
which he looks upon as "wasteful'l(6 . Discussion, 1287).
Danish Rules Method*
Introduction.
It is hardly possible to improve on the summary of this 
method made by Brineh Hansen dn the discussion to 6,1285s
-♦This empirical method for the design of anchored bulk­
heads was developed by Danish engineers in 192 6 P 
Although numerous dredge and fill bulkheads have been 
constructed in water depths up to 40 ft, no failures have 
been recorded except for a few cases of anchor yield*
Although details in the Danish Rules can be criticised 
it is a fact that,by this method,a great number of 
sufficiently safe and economical bulkheads have been 
constructed. Cm the basis of this extensive practical •; 
evidence,it ia maintained that any design method which 
consistently leads to greater dimensions than the Danish 
Rules must be considered uneconomical I*
See comments on this method in*Conclusions* and 
fSummary V
Discuesion*
A typical wall and pressure diagram are shown in Fig G 8 ,
A0 - load on walings at anchorage level - T*
D = depth of penetration (final design), S*F® - 2 0
4 0 - depth of penetration without increase
( x,in the general case)
B0. ^ lower'support'of the ’equivalent beam’ Q
Hv/ - depth of water in front of.wall*
la » span between levels of B0 and A 0
, h w equivalent height of surcharge plus depth to
anchor level.
A, ~ area of pressure diagram, above the level of A0 
M 0 = maximum bending moment due to Coulomb pressure 
between A C) and R0„
M, - reverse bending moment at anchor level due to 
Coulomb'pressures above A q0 
pm = equivalent uniformly distributed intensity of 
pressure which would produce moment equal to 
M 0 on a span L, ie M 0 - (pnl L") « 8 
.tn « ratio m f  bending; moments = • S .M, “ Mq
a =s wall thickness,(distance between extreme fibres of 
sheet piling)*
6' == the working s tr e s s  allow able in the sheet p ilin g *
q a the reduction in pressures indicated on the 
pressure diagram.
Mo® maximum positive bending moment to be used in 
design - selection of pile section*
A ®  anchorage load per unit length of wall to be used 
p in design*
Fig. G 8 . Danish Rules
1) Calculate t , D and L,®
2) Plot the diagram of Coulomb active pressures,
(using known values of $  and ]£ ) down to the
level of the line of action of B0«
Take momenta about A 6 of -the area of the Coulomb 
■" pressure diagram between h Q and B0 _
- fr Active moments
4) Calculate ,B - <  Active moments 4 I>
5) Calculate A Q « ^  Fa - B 0
6 ) Determine the level of zero shear force for the ■; 
Coulomb pressures and hence the maximum bending 
moment due to Coulomb pressures,M0»
7) Calculate the reverse bending moment,equal to a 
partial fixing moment at level of Aos due to 
pressures above the anchor®
P
8 ) Calculate pm from pm = ( 8m0 4” I D  .
9) Calculate n — ratio of bending moments
where n ~ M ( ? M 0
10) Determine k from the equation :
Steps in  the method.
k  a 0.01 R l  + n ) B■'<*
X + sin ffl J  Jj
II)
12)
13) The anchorage pull A  is given by %
y IMKtaroiei /" 'I 3T
AP * + A  ^
r  7  aC-'Z O
Calculate q frofli j
I0h
y  1 ± k l _ J _  X Pm
5 + XGh m
Calculate the design banding moment from %
M, 1 7 . 2
M 2 ~  M 0 -  2  ~  1 9 2
It is apparent from step 10 that an increase in pile 
section increases the denominator of this expression and 
so reduces k. This reduction of Ic is then passed on as a 
reduction of q in step II* The meaning of this is that 
the pressure reduction q decreases with reduced 
flexibility*
As the pressure reduction q,subtracted from the 
Coulomb pressures*affords a bending moment reduction it 
is clear that the method combines this concept and its 
control by flexibility considerations.
These are two of the fundamentals of Rowe's 
Flexibility method also*
It seems illogical to make the the depth of penetration 
proportional to the depth of water above the dredged level.
Discuss io n . .
Despite being described as a ’rule df thumb® this 
method is quite complicated. It is easy to make errors 
of interpretation.
It results in very bold designs,one of which was the pier 
at Aalborg,Denmark built in 1 9 0 6 by Christian! & Nielsen 
and quoted by Brineh Hansen*
Present British practice obviously involves safety factors 
on the final designs which are in excess of those obtaining in
structures built to the Danish Rules*
A  valuable compromise must exist between, current practice 
and the bold designs resulting from the Danish Rules*
A designer might be incautious to base a design on a 
single application of the method but there is obviously 
scope for a re-appraisal of ’classical* methods,known to 
produce much heavier designs than the Danish Rules*
Ter z agh i’s ."Anc nor ed Bu ].kh e ads1 * Me th od *
Introduction
In his text hooks Terzaghi quoted the "classical" 
methods of design but in this paper, 6 , he reported the 
vast developments which had taken place since the first 
attempts to design bulkheads in 1910, Considerable use 
is made of the results of Howe’s model tests and from 
these and other developments Terzaghi produced his own 
design method* Recommended unit weights of soil and 
coefficients of earth pressure are contained in 6 ,
Table 2 p.1268, The table is reproduced below for ease 
of reference*. Tei*zaghi makes the following comment:-
"In the computation of active earth pressure the upper 
limiting values should be used unless the real unit weights 
have been estimated on the basis of test results".
It is to be noted that Terzaghi’s method assumes that 
the out of balance water pressure, (due to tidal lag or 
otherwise), is dissipated between the dredged level and 
the toes of the piles as. a result of seepage. This modi­
fication is not normally used in the other methods. As 
the penetration is unknown this factor slightly complicates 
the solution.
Steps in the Method ■
1* Using the unit weights and coefficients K r> recommended 
by Terzaghi (Table 2) a diagram of active^pressures is 
drawn down to an assumed level of penetration of the 
piling. Allowance is made for surcharge in the usual • 
way. (The out of balance water pressure is allowed 
for as previously described in Introduction).
2. A safety factor Gs is introduced and divided into the^ 
recommended passive resistance coefficient K_ to obtain 
the value used in design calculations.
3. Take moments about the level of the line of action of 
the tie rods, derive an equation in terms of the unknown 
penetration, (D) and equate the passive resistance 
moments to the active pressure moments; solve for D*
In this connection a trial and error method is preferred, 
solutions uo the worked examples are based on this.
4. Subtract the sum of the passive resistance developed 
(down to depth D), from the sum of the active soil 
pressures plus water pressures,down to the same level. 
Hence obtain the load on the tie rods (T), per unit 
length of wall.
This is the anchorage load fox' free earth support 
which Terzaghi recommends shall be used in design,
i.e. no flexibility reduction on T*
5* Determine the level of zero shear force,above which
the sum of the active pressure areas is equal to lh
6 * Calculate the maximum bending moment (at this level),
which corresponds to free earth support, i.e. M x
(which is equivalent to Rowe's g g).
7- Assume a pile section and calculate its flexibility
number p , as in Rowe's Method*
8 . Use Rowe's moment reduction curves to obtain the ratio
of the free earth support moment which will be used in 
design (M^) (This is equivalent to M in other methods)*
9* Check that the bending stress is acceptable and if not,
adopt a heavier section of pile,repeating steps 7 s 8 
and 9 *
Conclusions
"Anchored Bulkheads" contains a wealth of information j
and guidance to the designer, both in the text and in the / 
discussion* {
Terzaghi was impressed by Rowe’s Flexibility investi­
gations and used Rowe's reduction factors in his own version 
of a design method.
It is a little disturbing that the factor Gs (by which 
the passive resistance coefficient is divided) has a consid­
erable influence on the design results.
The range of Gs is from 2 to 3 and is therefore as big 
a factor in design as the existence or otherwise of wall 
friction.. Designers of the same wall might adopt either of 
these values of G 0 or an intermediate value so producing 
quite different designs*
In the worked examples Gs = 2 was assumed and the method 
still gave conservative results.
General adoption of the method would not lead to cheaper 
walls or quicker design procedures*
Terzaghi is much more cautious in his approach than the / 
Danish Rules or Tschabotarioff* '
iJV't*. ' ’," " "  ‘ " *■ ' .- ■’ M* * ,• i>' , '!' I I " "/ £:j '■ ■ ‘ ■ ' ’ ' ,*' . • ' < ■ . '
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The Area Moments Method Vi 
Introduction to the method*
(Iii the Equivalent Beam method use is made of 
statistics to estimate the depth of point G 
be .low the dredged level®
The data was obtained from the results of 
deflection line method calculations.
The fact that this dimension x in Fig G 4 
depends on S  and the depth of the tie rods 
as well as 0  is often disregarded by authors 
of text books. The Equivalent Beam method is 
not applicable to cohesive soils)«>
The Area Moments method is an analytical' method of ■/.
designing for fixed earth support -which uses the same data /]
as the deflection line method but obviates the graphical /j 
constructions * Like the deflection line method it can be fj
applied to all kinds of soil,including cohesive soils and f
the presence of water*
Two versions of the method are offered:
Case I for uniform soil conditions
worked example No I
Case 2 f o r non-uniform soil conditions, in which
the soil(and water)pressure diagrams are 
divided into sections.
worked example No 2.
The method depends on the principle of Area Moments: 
Mohr’s Second Theorem Fig B II*
"In any section AB of a bent beam, (bent under load), 
the deflection of A  below the tangent to the beam at 
B is equal to the moment of the area of the M
EI
diagram between A and B, taken about AT
Both E and I are constant for the retaining wall-over the 
full height of pile*
The combined bending moment diagram Fig Ilf indicates 
the curve resulting from the component diagrams (b) and 
the tie rod load,redrawn at c,d and e in Fig* G 9®
T  ; c-"7 ^ 6 6
The combined bending moment diagram is zero at points 
A,B and C in Fig B II f.
A is at or near the tie rod level*
The following method of area moments makes use of 
point B. and its relationship to the level X - X, 
the level of the maximum bending moment as a cantilever,
The following additional symbols are used s
X = depth to 'level of maximum bending moment as a
cantilever, measured below dredged level to X - X*
x,x2x 3 etc* distances from the tie rod level to the
centres of area of component bending moment 
diagrams *
a( a P a2 etc* vertical distances from the tie rod level 
to the centres of area of any sectional 
strip of a bending moment diagram*
LjLgli^ etc* distance from X - X to centre of area of 
any sectional strip of a bending moment 
diagram*
MA » sum of moments of areas of bending moment 
diagrams*
Wall without superload or ground water®
Referring to Fig G9 s the required depth of penetration. U O and level 
of zero bending moment D B are unknown. k  solution, for D B occurs 
when the algebraic sum of the moments is zero ie,
Case I  Granular e q ils  Fig 33'.8 •
also simultaneously the moments,of areas of the component bending 
moment diagrams about T are also zero, assuming the deflection 
at Jk is zero.
( The moment due to the small area above T can be neglected)
The solution of these two equations
gives the required penetration D for fu3_l fixing moment, which 
would then need to be increased in the usual way to balance 
horizontal forces.
The solution of these equations is not easy to obtain so the 
following: devices are recommended^
Of these two ,worked examples have shown (ii) to be the 
more expedient * That approach will be described and calculated©
CD
Ai 5, = A z x 2 4- A 3 x s (2)
Xt follows that t
(I) re-written
and
6  ( z { +  h  -  D ^ )
I  T ( z + li
3
D . ) 3 + I K p sf( z , + h - D, - z, ) = 
i 24 t 5
24 K a( z, + h f  f ( z, +■ 5 - Dt
(2) re-written
(i) trial and error 
( i i) appr ox iraat i on
Basis of approximation to obtain solution7
The solution of the previous equations 
requires that the moment of area of AJEBH about A ’ = 
moment, of area of triangle ABH about A
A close approximation is given by s Fig* G ' ^ p
m o m e n t  of area of triangle AGF about A «
moment of area of AGTtlP aoout A
The value of F IS being known,the value of F G is calculated
on this basis* f
It is to be‘noted that G and G do not exactly coincide because 
area FEBH is greater than area FGrBH,sa their moments about A. do 
riot balance,..
The approximation would be expected to under estimate T and ML 
Reference to the worked examples shows that loss-' of accuracy is 
slight*
Basis of approximation, for full penetration. D O 
Refer to Fig §511* ,
Subtract moment FG from FE » GE 
Assume intensity p applies below F
Then GE x 2 and 2 GB
• y£ - pP“ y2 a . ~ p p
And penetration D =• X  + ’ y
Note* This avoids a cubic equation which results if p is assumed 
to g o  on increasing below F* . •
The value of j z obtained is on the safe side and the value of D 
obtained compares closely with the deflection line method.
Sec worked example's *
Steps in the Area Moments Method ( Figs <3 10 , G XI).
Fixed earth support,approximations used®
Case X Uniform soil.(granular)©
I) Find level of maximum bending moment (as a cantilever) ,
from h(l+k )
X  = ~p~— ■*-
k - I P
.2} Find magnitude of maximum bending moment (as a 
cantilever) ,frora
FE »  ~ ^ k-a (X fr h)^ *6 £  kp ^  y
3) Find moment of area of cantilever bending moment 
diagram from
m .  =  k a X  c x  + h ) 4 .4 ( x  -f- h ) -  Dt
4) Find the tie rod load (per unit length of wall) 
from T ~
( X + h - Dt )J
5) Find the actual bending moment at X — X  from 
Mx = Hiiax ~ T ( X  + h - Dt)
th is  is  dimension GE
6 ) Find the additional penetration required ( y 0) 
from
2 2 [m '■* T ( X-'i* h - D d  IYp Ii max t' _j
kpX~ - k ( X "J* h )
ie Jg - 3MX
L  X -  k ( X f  h ) P a-
7) Find the level of zero shear force from
T ™ J ka 6 hj5 ie h } =
8 ) Find the design bending moment from
« = ® C | h , -  q )
V j.
i
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Fig* G 3D Bending moment diagram
Fig G I I  F u ll penetration  D
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Passive  resistan ce  diagrams.
A trapezium may be treated as a triangle and a 
rectangle of the same height*.
For a triangular pressure diagram the maximum bending 
moment is p;
I x base x height”* see Fig G %  G 1 3 , a
The area moment,about the tie.rod level is
2I x base x height x I height(h + X ~ D+ -height-x 
6 4 u ■“'*“'5 )
F ob a rectangular pressure diagram the maximum bending 
moment is
T  P•g- x base x height"
The bending moment diagram is a parabola.
The area moment about the tie rod level is .
1 x base x height2 x I height(h + X ~ D+-height )
2 J  11 "*4
a) triangular pressure b) rectangular pressure
Fig G 13 standard area moments
-x } c7
75
Area moments method,
Division of pressure diagrams into sections ©
(used in non-uniform soil conditions). Case 2,
Refer to Fig. G 12.
In Fig.12 a & b s
Area moments about T are
u[
21
/ r  2L 
MX. [_3 + a
Active
Passive
;
j
hence the algebraic sum of the influences of all 
the pressure sections is obtained.
(for pressure sections above tie rod level a is negative) 
In Fig 12 c .
The area moments due to the waling load per unit length 
of wall at tie x*od level are given byt
I  x (h + X - D.t >3 :
a |  c h + X  - Dt } 3
hence the solution of the probleai occurs when:
i f  mi 0 r + a l (passive) * f (h + x " Dt>3
=  i f  ML
2L '+ a (active)
It is to be noted that should the pressure diagram below 
the dredged level posses a regular geometrical shape,such 
as a triangle, normally associated with granular soil, 
(worked example ho 2),a cohesive soil,short term 0 = 0  
would have a rectangle, and a c , 0  soil would have a 
trapezium,then in each of these cases it it not necessary 
to divide this part of the pressure diagram into sections 
and the method is shortened. (Worked example No 2 and Fig. G 13),
16
Conclusions*
FigB II helps to put the whole problem of the anchored 
sheet pile wall into perspective,by showing it to be a 
particular solution of the basic cantilever structure. 
This fact is exploited in the Area Moments method.
The B.3.P. Pocket Book recommends the deflection'line 
method in clay soil.* This Area Moments method is a 
useful analytical alternative which can be applied to 
any type of soil and ground water conditions/
Net or gross pressure diagrams can be used*
Bf|suits compare very closely with accepted methods of " 
design*
The level of X -X is the same for all levels of the tie rod. 
It is only necessary to revise values of (a r when 
designing for a new level of tie rod.
A disadvantage compared to Howe’s method,is that this 
method does not take the flexibility of the piling into 
account,in granular soils*
The amount of calculation involved makes the full method j 
unattractive but the approximations do not appear to 
make errors of more than a few percent,when compared to 
the deflection line method.
A g the method designs for full fixity it complies with 
the recommendations of C 0P.No 2,'Earth Retaining 
Structures1*
PROPOSED "COLLAPSE METHOD"
Introduction Refer to Fig® H IO*
The intention with this method was to produce a form 
of "limit design" in which each component of the wall 
failed simultaneously (including the tie rods but not the 
anchorage system)*
Although a designer may obtain soil data and shear test 
results, there may be different values obtaining under 
field working conditions for the walls he designs. For 
example the actual superload (surcharge) on a wall in service 
may be higher than the data supplied
The method was therefore dependent on two stages:-
1. Take the data obtained or supplied for the wall and
vary each item in this data by a factor. The factor
applied to data on an item aiding stability (such
as passive resistance) would reduce the item and con­
versely a factor applied to an item tending to cause j
instability (such as super load) would increase this I,
item*
2. Using the modified data, carry out a design based on 
ultimate stresses in the components of the wall instead 
of the usual working stresses.
In this connection the plastic modulus of the piles 
per unit length of wall would be employed.
The method should comprise the assumed formation of 
one or two plastic hinges at the following locations:-
(a) Level of maximum positive bending moment above the 
dredged level.
(b) Level of maximum negative bending moment below the 
dredged level.
The items to be varied under stage (1) were the 
following:-
superload - to be increased
coefficient of active pressure - to be increased
coefficient of passive resistance - to be decreased 
height of wall ~ to be increased due to assumed
over-dredging.
Discussion
In this "collapse method" the active pressure has 
only been increased*. It has not been redistributed on the 
lines of Brinch nan sen and Rowe’s "Walls at Failure".
The factors by which the items were varied were obtained 
by a trial and error approach as followss-
Trial (a) (b) (c)
over-dredging 4 ft. 1 0% x 1 0% x retained he
soil pressure + 2 0% + 15% + 1 0 %
soil resistance - 20% - 15% -  15%superload x 3 p x  3  P X 3 pminimum superload 3 cwt/ft 3 cwt/ft 3 cwt/fff~
Two Plastic Hinges - Trial (a) -
The factors in (a) above were combined with the concept
of two plastic hinges and tested in design analysis. The
combination of over-dredging and a.reverse moment as big
as the maximum positive bending moment gave a moment and
tie rod load of the right order of magnitude- for limit 
design but the penetration of the piling required for the 
full fixed earth support, (associated with two plastic 
hinges), exceeded the retained height. ;/ >;.• • "‘'V
In connection with this design approach it was difficult 
to obtain an analytical method but a graphical construction 
produced a relatively quick solution. r .
One Plastic Hinge - Trial (b)
In this case the conditions are statically determinate 
because there is a form of free earth support at the toes 
of the piles. Solutions are therefore easily obtained by 
an approach similar to the "classical" free earth support 
method, except that each item of data has been adjusted 
by the factor listed in the above table.
A rational order of magnitude for the penetration was 
then obtained, but the maximum bending rnements and tie 
rod loads required some reduction because they were higher 
than those obtained in the two hinge solution.
This approach,gave a more balanced design when compared 
to the “classical" free earth support rnetrod and the 
deflection line method. (See.worked examples).
One P la stic  Hinge -  T r ia l (c )
BO
1. It was necessary to abandon the concept of two plastic 
hinges because of the associated pile penetration 
depths.
2* The factors listed in (c) are reasonable* For example I
3 ft. of scour in front of a quay wall of height 3c ft. j
would not be unusual in some waters during the life \
span of the piling. , \
Similarly if a “dense" granular soil had been indicated 
in the design stage Ka might have been taken as 0.271 
(for 0 - 35°)• A 10% increase on this gives Ka - 0 . 2 9 8  
which could very easily oce'ur. If the method is used 
the approach headed (c) should be applied.
3„ It is not very likely that each of these factors would 
in practice apply simultaneously to any wail.
4. The worked examples indicate that the results of appli­
cation of the method (at ultimate stresses), produce 
walls which would compare with the “classical" approaches 
of design.
5. The weakness of the method.'is that the stability of the 
wall is not based on, anything new but merely modifications 
of all the criteria previously used, such as Coulomb 
pressures and “working" stresses.
Conclusions
JJ /
SECTION II
WORKED EXAMPLE Ho L  
30 ft, HIGH WALL.
D •- 15 f t  when 'S.lh -  2  ■ 
xi, ~  12 f t  when lS.F® -  I
1 . . .
Vertical scale 10 in to X ft.
Pressure scale X in to X 5OO0 lb/ft?
Fig. H. 2. Worked example No® X
Free earth support method®
SAr
By the Free Earth Support Method*
R efer to  F ig . H 2 , B 9? F 3 s 0  I
Moments about tie rod level, Fig H2 §
£  x  1 , 1 0 0  x  3 0  x 1 9 . 5 0  = 1 6 , 5 0 0  x  1 9 . 5 0 = 3 2 f , ceo
h x i,ioo  x 3 5 5  x 3 0 . 7 5  = g,ogo x 3 0 . 7 5  = 6 3^o0 p_
s*a  =  1 8 , 5 5 0  3 8 4 , 0 0 0
A c tiv e  Moments ^
Assume penetration is 12 ft, then b - 8*25 ft*
J x 2 9 3 x 8*25^ x ( 33*25 + 7 x 8 .2 5 ) - Passive
Moment
* 9,950 ( 33*25 * 5*50 )
= 9 ,9 5 0 x 3 8 . 7 5  = .3 8 3 , 0 0 0
" Passive moments©
Aa th e sum o f  the moments b a la n c e , fr e e  ea rth  support 
p en etra tio n  i s  1 2  f t .
Net® passive resistance
Pp — 9 ?9 5° Ibf/ft*
Tie rod load
T =  1 8 ,5 5 0 . -  9 ,9 5 0
lienee T =  8 , 5 0 0  I b f / f t .
or 'I__ --_{.8 3 tonf/ft.
Worked Example No I
For level of zero shear force t 
£ x 36«7 x == 8 , 5 W
h| = 1 7 , 0 0 0  f 3 6 . 7  = 463
\  = 4 4 6 3  = ax.5 ft.
For maximum bending moment s
“max = 8 , 5 0 0  ( 2x.o -  7 . 1 7  )
= 8 , 5 0 0  x 1 3 . 8 3  = I2o,ooo Ibf/ft/ft.
Mmax = * 64-0 tonf . in./ft.
Stess in Frodingham section 5
sr 640 4 58*9 — 11*0 tonf/in2
Penetration for safety factor = 2 (against toe failure )
Moments about tie rod level :
2 x 384,000 = 7 6 8 , 0 0 0  Ibf.ft/ft.
Tpy 1 5  ft penetration, then b » XI . 2 5  ft.
4  x 2 9 3 X II.2 5 2 X ( 3 3 . 2 5  + 7 . 5 0  )
l8 ,+CO X,;. 40.75 = 750, OOO.
this will be satisfactory.
Penetration x 6 - 1 2  ft when safety factor ~ 1
D - 1 5  ft when safety factor "-2.
• 9 
5 
, 
I±
2
Q01 h*
s
ha:Oa.Q.
s
Ui_J111-> a.z U) 5_lIh <Xz a: UJo <1— Ul Ou o UJUJUl Xli >< «UlU- Oo £
Q3NIV13a ttO€ = 4 1H9I3H
_ <u
£ ' £
-J .. fc< UJ —•U _jF < OCC u r"UJ U) H«0
v is  amssv
By the Equivalent Beam ( Graphical Method )
Refer to Fig* H 3-, Deflection Line solution.
Notes T]ae incentive for choosing this method is that 
only part of this diagram has to be drawn.
Refer to Fig. G 4 and Table 3*
Dimension x = 0® u8 h, when 0 — 30°
1) x =■ 0®u8 x 3u = 2.4 ft. •
2 ) total load on span ~ 1 6 8 if = 1 6 8 x 1 1 0  - 1 8 5 0 0  Ibf/ft
span L = ( 30 + 2 .4  -  0*5 > ® 3 1 . 9  f t .
3) Maximum bending moment from closing line on
graphical construction,
0 . 9 2  x 8 x I . 9 5 x JO x 1 1 0  = 7 9 >QOO Ibf ft/ft.
hence. Mmax 79,000 x 12 4 2240 =- 422 tonf. in/ft.
4) select suitable section of sheet pilings
stress in Frodingham section 4N = 422 4 44-®9
- — 9 * 5  tonf/in2
stress in Frodingham section 5 - 422 4 58*9
~ 7*2 tonf/in2
5) Tie rod load =* 6255 x H O  ~ 6,900 Ibf/ft®
Worked Example No I
6 ) To find the lower reaction s
Bc ~ 18,50© - 6,900 «  11,600 lbf/fto
7 ) penetration (part a Is depth to cross - over of 
soil pressure diagram).
/ 6 Bo
o D = 1 * 6  a - 0 o6 x ■*- 1 . 2  I (in Kp - Kajy 
when ^  - 3 0°, m  - 2 .
6x„Il6oo _
d ~ (I06 x 3 *7 5 ) ~ 0 * 6 x 2.4) +• i.a/(5 ~ o©3 3 ) %
6 ^ 9 0 0
D =s 6.0 - 1.44 + 1.2 x /5c6 7 x xio
M
D  =• 4.56 + 1.2 X y /III
D ~ 4*56 + ( 1.2 x 10.6 )
hence D 17.3 ft<
Note. If m is taken as unity instead of 2 
the penetration increases as follows t
69,600 _
D » 4 .5 6  *  1.2 /  2767 x 110
hence D - 22.9 ft.
89
Refer to Fig. G 3? ®  4 5 Table 3 .
The method is defined in 7 and 8.
Using the B &S.P. pocket Book version s
1) x ~ 0 *0 8 x 30 - 2.4 ft.
2) total load on span » h x 10 x 3 0 x I = ijo H
+ | x 10 x 3*75 x. I - i£j£
w  ^  1 6 9  v
hence W  ~ l8?5O0
lbf/ft,
3) Span I, * ( 3 0 +• 2.4 - 0*5 ) ~ 3.1 * 9 ft.
Maximum bending moment =■ (l8 ,500 x 3^*75) f 8
% ax . = 7 3 , 5 0 0  ibf.ft/ft
= 39^ - tonf .in/ft.
Worked Example No I
By the Equiv a le n t Beam ( approximate) method.
4) Select suitable sheet pilings 
Stress in FPodingham 41
394 4 44.9 - 8 . 8  tonf/in*
5) b X  31*75 = 1 5 ®  $  ( 2 0 -  0 .5 ) >  19 * ( 29*5 + 1 .2  )
-  2 9 3 0  j  +  5 S 2 K
B 0 = 3512 x 110 4- 31.75
~ 12,200 lbf/ft.
90
6 ) Depth  o f penetration®
73.200
D ~ 2*4 +■ 1.2 x q / 2 .67 x 110
D ~ 2*4 + Io2 x V 2?0
= 2o4 + 1*2 x I5o8 = 2.1*3 ft.
7) Load per ft. at waling Ie-
~ For "the”* "tie rod load
T ~ 1 8 ,5 0 0 - 12,200 = 6 , 3 0 0  Ibf/ft,
=5 2o8l tonf/ft,
D ~ 13*8 ft© (calculated)
Vertical scale 10 in to I ft*
&Pressure seal© 1 in to 1,000 lb/ft©
F ig-H  4 . Worked example No® I® 
Rowe’s Flexibility method®
Worked Example No I  (Unifo rm So/Ill
By Rowe’ s "F le x i b i l i t y 11 method„
Refer to Fig. E 4-,
&  =  X I O  , 0  =  3 0 °  c =  o
S  -  2/3 X 0 = 2u°, on active s±de,ie back of wall and
for toe shear force,otherwise <6-0.
K ~ 0 * 2 8 Krs « I x  tan2 ( 4J * §  )
a p iT5
ie. Coulomb value at«s= O *f 1*5*
P = z/z,
P
Shear Force at Toe s
Tg - JC^ x tan^cSjC F a- Pp ) tan<§ +
2
This is assumed to act at 3 penetration depth below the 
dredged level*
tan 20° =■ 0*3^4
a ~ depthto cross-over of pressure diagram
- 9 2 5 4 289 . a  4.88ft*
moments about tie rod level
f x 9 2 5 X  3 0 X  1 9 . 5 0  «  1 3 , 8 7 5  X  1 9 . 5  «  271,000
&  X  9 2 5 x 4 .88x 3 1 . 1 3  = a^Siox 3 1 . 1 3  * J L O j O a o .' 16,125 -34X,OUU
Active m o m e n t s ^
Passive moments? Assume penetration - 13*8 ft.
b = 1 3 . 8 0  - 4 .8 8 * 8 . 9 2  ft.
J x 1 6 8 4 x 8 .9 s x 4-0*33 ~ 7,5!Ou) x 40*33 » 303?ouo+ Ts x  3 8 . 7 0
Pa - PQ - 1 6 , 1 2 5  - 7 , 5 0 0  = 8,625
9*
L* •9
\(Using Frodingham 3'M)
TB » Uo243 3 1 3 0  + 1 3 2 3 0
* Q 0243 x 4,360 = 1 , 0 6 0  lbf/ft.
Ts »  0*364 x 0 .6 6 6  8 3 6 2 5  x  0 .3 6 4  +> 4 3 . 8  x 28008
Moments due to Ts 58 l,060 x 3^.70= 41 ,$ V Q
30 3 , 0 0 0Total passive moments - 344,J'oO
This achieves a balance ,hencet Penetration - 1 3 *8ft*
L oad on wallngs at tie rod lev© 1 s.
= 1 6 7 1 2 5  - 7 ,5 0 0 - 1 , 0 6 0  
Tf.e.s = 7,565 lbf/ft.__---- =3 . 3 6  tonf/ft.
(X-  3 0 = 0 .6 8? & H = 4 3 . 8  ft.
4-3.8
For level of zero shear force s 
4 x 3 0 . 8  h2 = 7 ,5 2 5 , h f  = (7 , 5 2 5  x 2) - 3 0 . 8  = 489
. h, ’= 4-89 = 2 2 . 1  ft
Maximum free bending moment
• ■ “ = 7 , 5 2 5  ( 2 1 . 6  - 7 . 3 7  )
= 7,525 x 14.23 
= Ibf. ft/ft.
Kf.e.s = 575 tonf. in/ft.
4I for section,using Frodingham 3^  3f<>4 x5*56 - 174 in- <
p =S H4 “ 1*920 X 1,920 =*• O.OC071^ r m a « 8 >  Stella* *EX 3 0 x 1 0 ^ x 1 7 4
log p = - 4 * 8 5 1 3  write log 0 - ~3 <>l5
Design bending moment at log p  ~ -3 * 15, 0.685
0.OII5
Refer to Fig G 5 (&)? Rowe's Fig 1 3  d*
ML. » 575 x Uo70 ** 402 tonf* in/ft
Maximum bending stress f ~ 402 4 31*4 — X208 tonf /In2
This is too high,consider a heavier section.
cf 4
Tie rod load decreased due to flexibility,
(due to decrease in effective span)
See Howe’s Fig® 2 2 a
t  » 7 ,52-5 x 0 . 8 0  = 6,uim  ibf/ft*
~ 2.68 tonf/fto
4
X for section using Frodingham 4N « 44.9 x 6.5 - 29I in
Ji4 = 1,920 x 1,920  = 0.000422
r  = e i  30 x ix r x  291
log p  ™ 4©6253 write logp = -3*37
Design bending moment at log - -3.37 — © *68 5
P  « 0.01X5
(ignoring the effect of extra weight of piling on the
toe shear force)
M  - 575 x Oo9 - 5 l5 tonfoin/ft.
Maximum bending stress f =- 5^5 f 44©9 ~ II©5 tonf/irte
I for section using Frodingham 5 = 58.9 x 6.12 - 3 8 0 ln^ *
H4 - 1,920 x 71,920 - 0.000342
f  ” E. I  30 x lO 6 x 360
log (D » 4*534 write log P = -3*47
Design, bending moment at log p “ -3 * 4 7 , - 0.685
£  = Q 0O1 1 5
M =~ 575 i& unreduced (pile acts as though stiff). p 
Maximum bending stress f — 575 f 58*9 - 9*8 tonf/in **
Tie rod loads reduced due to flexibility,
Rowe's Fig 22 a
In Frod 4M T = 7 552-5 x 0.94 ~ 7?O50 Ibf/ft
3 © 15 tonf/f t.
Tie rod load for Frod® 5 unreduced*
By t ROWERS SHEET PILE WALLS AT FAILURE METHOD.
WORKED EXAMPLE No* I*  (UNIFORM S O IL )*
p o s it iv e  
* r o ta t io n  
no y ie ld  Hinge 
p a ssiv e  fa i lu r e
w a ll a t  fa i lu r e  * 
F i g .  E 5*.
h .
n  2 — >
(s!)=J
unknown
i) cai
/S Ilf,
V
ll^a 3 0  f t
Oo_5 f t
C I  fi ) =■ I  approx * 
0 * 0 1  approx*
00 284- 
Ay *  9 .2 2 5
A 2 -  t O  From. Rowes s
7? -  0*445  
»  0 * 3 1 0
Table I ,
A — }5 j. «•* IS g 
i  q
i  K \  K  "" 4 ' ^
E . a . +  EL I » «  z
arid i f  q -  hp ( I -  /3  )
( A ,U  - L i |  x  i  ~ /S )  -  H A . h f n . a  + 0
d iv id in g  by h f s $
0 ®x (fc)‘ *.n, t A2 ( fe ) \2,
hD 3
ki
Rowe ’ s equati 011 4
0 .2 8 4  -  5 x ( b ) 2 _ (  0 .2 8 4  x  0 .4 5 5 )  +  5 x  G .3 I o [^rv QQ ^ ° / /
T h e r e  is. a. s o l u t i o n  v ffie n ^ ™ j~  0 * l8
'A
v3
S6
7  0 . 1 8
hence p e n e tra tio n  = D -  5 *4  +• U d 8  D
D »  6»6  f t ;
Check from Howe’ s, s o lu tio n s  F ig  4 
when J? ~  0 5. oC» 0 (>82,
P e n e t r a t i  on
W ith  30 f t  o f  s o i l  r e t a i n e d ?
h0
h
s ( x ~ c * ) = s  0 ^x8
T ie  Rod load  
From Rowe’ s equation  8 
T
.,2
% Hf
~ 0 . 2 8 4  -  5x o, 3 2 4  ) » 0 . 0 6 1
T -  0 * 0 6 1  ¥  i-r
0 * 0 6 1  X 110  X. 36 ©6 2 a 8+900  l b f / f t .
Check from Rowe's s o lu tio n s  Fig©5
T
0 * 0 6
Bending moment in  th e sh eet p i l i n g » Rowe3 eqn# 6
Xh:
Oc 2 25 
o
I  -  0*529 ( 2  X U .5 2 9 )  4  I
M
M
- 2*5  x 0 * 3 1 0  x. OoC
0 * 0 3 7 5  x O o47I9x 2 *0 5 8  -  O.CO'4-52
0 * 0 3 7 5  x  0 * 2 2 2  x 2 „o58  -0 *0 0 4 5 2  0 *
•3
O .O I27  X I  IQ x  36 06"2 ‘
6 8 ,3 0 0  l b f / f t  * =5 366 to n fo lr i /f to
Check from Rowe F ig  5« .M ,
If
0.013
375  t o n f * i n /f t *
Using_Rowe/ s Optimiom Design Pro p o rtio n s  *
I t  T s  n ecessary  t o '“'change "the~TeveT~of"~tie rods, 
o< ~ 0*73 /3 -  2 in  t h is  case*
P en etra tion  H -  30 -  41  f t *
0*73
D » 41 — 30 = lift,
f  . e , S o
k ^ I f ” P
Tfe s  _  0 . 1 7 0  x Oo 284 x  XIO x  4 IT  ~  8 ,9 0 0  l b f / f t .
)oX7 from F ig  G7, Howe’ s F ig *10, 
h I /O X2 i 
T = Io25 x 8 ,9 0 0  = 1 1 ,2 0 0  l b f / f t ,
Ji£k.e s s *
kaffH-* ~ a ° 3 3 »
Mf e s = 0 .0 3 3  x Oo284 x 110 x 4 p  -  7 1 ,0 0 0  I b f . f t / f t ,  
= 380  to n f  i n / f t e
M =s 0 ,3  x  3 8 0  -  1 14 to n f * i n / f t  *
NOTE.
. ~ ~  This i s  the only one o f  the worked examples to 
which. Rowes "W a lls  a t  F a ilu r e ,fmethod c a n ,s t r i c t l y  
sp eak in g ,be  a p p lie d . 'Uniform lo o se  granular s o i l ,  
water ta b le  below the to e s  o f  the p i le s *
For a s o lu t io n  using Rowe’ s value o f  see
F ig . M* 6 > and the f  o 11 owing s
U 1
i 98
H  x  0 . 7 3  =  3 0 te
H «  4 1  hence
.0
T  =* 0 . 1 7  X  0 * 2 6 6  X  9 5  x  4 1 ”  
l e s
T -  1 ,2 5  x  7 ,2 5 0
% e s  “  O o 033  x  O o  266  x  9 5  x  4  
“  307 t o n f c i n / f t *
M  — O o  3  x  307
H e ig h t  r e t a i n e d  -  3<s)f't.
-|-T-p+*m ■ i® 1  6 it
~ 7 , 2 5 0  I b f / f t ®
»  9 H IOO l b f / f t  o
= 5 7 , lo o  i b f 0 
= 9 3tonff« I n / f t .
i '
o .7 3 H H
T = 1*25 x F .E .S  
v a lu e ,
0 * 3 0  x F.SoS, 
v a lu e ,
Row© Rs p ro p o sa ls  from
"Sheet P i le  W a lls  a t  F a ilu r e !
WGFlKED EXAMPLES,
No D ft® t & l / f t T Kf.e.s. 
w ] ton
Mfe.s. 
f  * i n / f t
M
I I I .  0 3 . 2 5 4*u5. 5 7 5 3Q7 93
2 1 4 * 2 5 . 3 5 6 * 7 0 7 5 ® 6 7 0 2 CO
3 8 * 2 5 1 * 9 0 2 . 3 8 239 12 9 3 8 .5
4 I6 . 6  ■ 7 .1 5 8 . 9 5 865
________i~
1 , 0 2 0 3 0 s
J 4] These f  ® e 0 s . v a lu es  are from the F le x i b i l i t y  method
fo r  comparison purposes o n ly 5 ( t i e .r o d  a t  o r ig in a l  
le v e l)®
Fig* H 6 * tf* Optimum" w a ll d esign  proportions®
100,
X a = O
IIO lb/ f t  
30
u
0 . 2 9 8  X z.
3
Xz a 3 ,3QQ
0 .5  I t I
T *
17*5
Vertical scale 10 jin to I ft 
Pressure scale I in to I,OUQ
lbf/ft7
Fig* H 7* Worked Example No I
Tschebotarioff’s method.
Worked Example No. 1 ( Uniform S o i l ) see Fig H 7*
By T s c h e b o ta r io ff ’ s  Me thod ,,
See S o il  Mechanics Foundation and Earth Stru ctu res P*5o6
K.
f \  J J  H -  30  f t ,
L 1  ~  f  o i l  0 .3 3  f In * t * ' -  0 ,9
f f -  3-5
a
( f ,fl i s  e f f e c t  o f w a ll f r i c t i o n )  
a = depth to  anchor le v e l  = 0®5fP*
Hence Ka =. [ l  -  (3 H F  0 .3  = 0 .3  (1  -  .u 048)
Ka = 0 . 3  x 0 .9 9 5  = 0 .2 9 8 5  ..
Moments about t ie -r o d  le v e l s -
1 Yi'P 1 i*>4~ /"Pi*
X 985  X 30  X 1 9 . 5  = 1 ,4 7 7 0  X 1 9 -5  = 2858000
R eaction  a t dredge le v e l  = 2 8 , 8 0 0 0 -7  2 9 -5  -  9:>6ou I b f / f t  
Tie rod load = 1 4 ,7 7 0  -  uO = 5 ,0 0 0  l b f / f t .
For le v e l  o f  zero shear fo rc e  1 -
4' x 3 2 . 8  h .^2 = 5 000
b *  = 5000  4 “ 1 6 .4  = 305
hjL = V 3 0 5  = 1 7 .5  f t ,
Maximum. Bending Moment in  the S h eetin g : -
M = 5000  ( 1 7  -  5 . 8 3 )
= 5000  X 1 1 . 1 7  = 5 5 ,8 5 0  l b f . f t / f t
i.e. M = 55850 x 12 = 3120 to n f * in/ft.
2240
Penetration
D =  0 .4 3  H a  12©9 f t .
»oa
Ground viator level below toes of piles®
F ig *  K 8 W o rk e d  E xam p le  N o . l
T e r z a g h i * s  M eth od*
W orked E xam ple N o . l
Taking the lo w est value o f  G recommended by Terzaghi = 2 . u 
then f  x  - i  = ' 2 ‘75 Z1
F o r  Depth o f P en etration
Take moments about t ie -r o d  le v e l
Notes A t r i a l  and error method is  p re fe rre d  fo r  so lv in g  
T erza g h i’ s “ equation in the th ir d  degree” .
A c tive Moments about T*
& 990  X 30  X 19*5 -  14P50 X 19*5 “ 2 9 0 ,0 0 0
Mtx, ±4
99 0  x 2L ( 2 9 . 5  + 2 ) a 9 9 0  2 , ( 2 9 o  + 2 *)
2 .1 q 221
i  .33 x z  ( 2 9 . 5  + 3) = 1 6 . 5  z f  0 9 = 5  = 3 )
= 1 3 7 -5  2?  (2 9 -5  + l ' )
Try Z, = 12 f t
9 9 0  x  12  x  ( 3 5 - 5 )
29 0  5 UQO 
4 2 0 ,0 0 0
16*5 x 144 x  3 7 . 5
A ctiv e  Moments 7 9 9 ,5 0 0
P assives 137*5 x 144 x 375 7 4 0 ,ooo
Try Z, = 12*6 f t .
990 x 12*6 x 3 5 .8 0
1 6 .5  x 159 x 3 7 . 9 0
2 9 0 ,0 0 0  
4 4 3 , <J0O
8 3 2 ,5 0 0
P a ssiv e : 137*5 x 159 x  37*9 8 3 0 ,0 0 0
H ence p e n e t r a t i o n  D = 1 2 .6  f t io 4  .
/ /  2 2
= 1485O +‘ 12400 + 2620
Pa -  2 9 .8 7 0  l b f / f t .
passive  load = 1 3 7 -5  x  159 = 2 1 , 8 0 0
T = 2 9 8 7 0 - 2 1 8 0 0  = 8^07o l b f / f t .
A c t i v e  l o a d  = 1 4 8 5 0  + ^ 9 9 0  x. 1 2 * 6 )
Notes Terzaghi recommends th a t the anchor p u ll  fo r  “ fre e  
earth  su p p ort" s h a l l  be used in  design* See “Anchored 
Bulkheads"  P»2 6 2 -3 4
For maximum bend in g moments :
L evel o f zero shear fo rce  i s  g iv en  b y s -
o o lb  <,140
8 ,0 7 0  = '| x  33 h / - ,  ~ '33’ ” -  4 9 0
hjt = 490  = 2 2 , 2  f t *  below top o f w a ll
Free earth  support moment M max®
M. max. =5 ' 8 , 0 7 0  ( 2 2 . 2  -  0 *5  -  7 -4 )
-  8 ,0 7 0  x 14*3 = ll,5u O O  l b f * f t / f t *
~ 620 tonf.in/ft.
Fle x l b 11i t y  number o f  shee t  p i le s  
H = 3 0 + 1 2 * 6  = 42*6  f t *
_ „ %  4
I fo r  S ectio n  3 Frodingham = 28*6 x 2 = 129 ins* / f t *
Hi 1 8 2 0  x 18 2 0
(0  ~ E l  = 30  x lo  x 129  = * 000860
lo g  (p =1 4 * 934 5 “  - 3 “ 065
(w rite  lo g  (p = -3 * 1 )
Moment redu ction s Loose sand 
(see  .Anchored Bulkheads, Fig* 1 3 , P .1261  
= 8..6  x 1 0 “4* . 00O86
M
M~max* = 0 *6 6 * , where M max is  eq u iv a len t to  Rowe's M
Design moment (M ) = 0 .6 6  x 620 = 4 1 0  to n f . i n / f t
(to o  high)
' 1 0 -7 5  _ 4
X fo r  s e c tio n  4 (Frodingham) = 4 3 -8  x 2 = 2 3 5  in  / f t
H4 1 8 2 0 x 1 8 20
<? = S i  = 30  x  16® x 2 3 5  = . W 047
F  2  A
Moment r e d u c t i o n  Mmax -• 0 .8 4
Design moment (M) 0 .8 4  x 620  -  j 2 o  t o n f . in / f t  ©
52u
S tre ss  in  Frod© 4 = 4 3 .8  = 1 1 .9  t o n f /in
1 2 . 2 5  4
I .  fo r  s e c t io n  5 (Frodingham) = 5 8 .9  x 2 = 360  i n * / f t .
H4; 18 2 0  x 18 2 0  _
(D = e 7 i  “ 30 x xCP x j 6 u = . 000305
No re d u ctio n ,
hence s t r e s s  = 5 8 -9
~ 6 2 0  0
7 8 * 9  = 1 0 *5 t o n f /in
106
w 9
By the Area Momenta method,
Wo r k e d  E xam ple  No I
R etained h eig h t h — 3 0  f t *
X =  l i o  lb /f+ X  
0  =  30°
C as 0
Ground water ta b le  below to e s  
o f  p i le s *
ka »  (A 333  
kp »  3*0
6 in  j
A T
30
: f t /
/ \
/
A,
/max as  
c a n tile v e r  
/
!55^V5^?7\\v5'~* rpT
bending
moment
diagram
j
\
\
X
C a lc u la tio n s  s 
I )  . X
h ( I  + k^ )
“TTkP
;/P
1
F ig . H 9* Worked Example Mo. I 
Area Moments Method*
x
8 I ?  f t ,
Mmaax
re
(a s c a n t ile v e r )
max
V
:a C X * h /
kp x 3 
5~
max
1 8  2
-  5070 -  1 6 8 8  =* 3382
=* 3 , 3 8 2  x  1 X0 a  372 /Q a o ib f /f t / f t ,
y
4
3 )  m a  =  ( 4  x 5 j O ? o  x  4 5 ) ( ; f  X  4 5  -  o « 5 )
-  i  x  X 3688  x  1 5 (  j?  x  1 5  ±  30  -  0 . 5 )
="-(5)07 0  *  l i . 2 5  X 3 5 . 5 ) t  (  422 x 1 5  x 4 1 .5 )
-  2 ,0 3 0 ,4 X 0  -  2 6 3 , 1X1 ) — 1 , 7 6 0 1^X0
10 7
4 ) $  85 3 x  1*767+ cxx) ~ 6 0 oI
* 4 4 .5 3.
T =  6O0I  x 1X0 =• 6 , 6 I X l b f / f t  t i e  rod
lo a d ,
5 )  T ( X  +  h  -  D -) -  6(3*1 "x. 44-0.5 =• 2 ,6 3 0
s
hence Mx = 3 ,3 8 2  -  2 , 6 8 0  = 70S
I
6 ) y f  = a x  702  =  . 1,-404  ~  4 6 .8
2 4 5 ' -  15 -3 0 .
y£ = -^4-6* 8 ~ 7  f t  approx *
r  e q u ir e d. p e ne t r a t  i  on de p t h , j)_r _1 5 + 7 ~ 22 f t
7) l a ?  ~  / ^ ~  ^Qr 1 ~ a/ 3 6 o ®6
\T 0 . 3 3 3
h« ~ 1 9  f t  so 2h£ ~  3 8 f t  and 2b^ =? 1 2 * 7  f t
7 J
8 ) II ~  6 0 . 1  ( 1 2 * 7  -  o®5 )
y u -
»  6 0 * 1  x 1 2 o2 ~ 7 3*7
' M •—  7 3 2  X I I 0 ~  8 0 ,5 2 0  I b f * f t / f t ®
Design bending moment .»  8 0 , 52-0 x  I 2 _ ~ 4-31  t o n f i n / f t *
2  3 240'"
10.3
Worked Example  No, 1 (Uniform S o il)  F ig . HI and K1Q 
Proposed C ollap se  Method (C)
( fr e e  earth  support)
o o
No su p erlo a d 5hence use minimum 3 3 6 lb /f t* "  (3  c w t / f f " )
Overdredge 10% o f  re ta in e d  h e ig h t, 30  x 0 *1  -  3 f t *  
In crease s o i l  p ressu res 10%
C o e ff ic ie n t  of" a c t iv e  p re ssu re ; 0*333 x 1*1 -  0 * 3 6 6 * -  k, 
(when 0 -  3 0 ° )  ,
A ctiv e  pressu res g iven  by s 0+366 x IIO  =4Q<>3 / f t .
ka *
Reduce s o i l  r e s is ta n c e s  1 5 %
C o e ff ic ie n t  o f  p a ssig e  r e s is ta n c e s 3 . 0  x 0 .8 5  = 2*55  
P assive r e s is ta n c e s  given  by :  2©55 x  IIO  “  2 8 l / f t  
Note ( kp -  ka ) -  241 - ' n e t 1 v a lu e .
1«, 460  — 6 T f t
Depth to  ' c r o s s -o v e r 1? 'a /  — * 241
Moments about T 
A ctiv e
i>- x  1460 x 36 x  2 0 . 5 0  * 26 s 200 x 2 0 .5 0  ~  539 5 ooo
| x 1460 X 6 .1 x  3 4 .5 3  = 4 , 4 50 X- 3 4 .5 3  = 1 5 4 ,000
3 0 ,6 0 0  6 9 3 ,0 0 0
P assive
2b
4  241 b2 ( 3 8 .6  + 3 )
2 b
-  120©5 to2 ( 3 8 .6  + 3 )
For fr e e  earth  support a t t o e ; -
o '  2p
1 2 0 .5  b2 ( 3 8 .6  + 3 ) = 6 9 3 ,0 0 0
Try b = 1 1 .2  f t .
120©5 x  125©5 x 46*07 1=5 6 9 7 ,0 0 0  ( s a t is fa c t o r y )
P (n e t) = 1 2 0 .5  x 1 2 5 .5  = 1 5 ,1 0 0  l b f / f t .x^
Tie ro d l oad T
Tie rod load  = 3 0 ,6 5 0  -  1 5 ,1 0 0  =■ 1 5 ,5 50 lb f / f t .
336 l b / f t 2 s u p e r lo a d o
Vertical scales 1 in to I ft 
IO
Pressure scales lin to 1,000 lbf/ft*
Fig K 10* Worked Example No I* 
Collapse Method (c)*
110
F o r  l e v e l  o f  z e r o ,  c l e a r  f o r c e
(h 0 measured from too of superload) d.
% x 4 0 .3  bo 
h~
i 5 ,5 5 o
h, 77 0 2 7 .7 f t ,
Max* 33*M occurs 2 7 .7  f t .  below top o f superload i
24*7 f t .  below top o f w a ll .
For maximum bending moment
? 7  7
M = 1 5 ,5 5 0  (2 4 .2  -  J
= 1 5 ,5 5 0  (2 4 .7  -  9 -2 3 )
= i5 ,5 5 o  (15-4-7) 2 4 0 ,0 0 0  I b f . f t / f t .
M 1 ,2 9 0 __ t on f .JLn/ft
P en etration  =* 2o»3 f t .  (in c lu d in g  3 f t .  over dr edge)
T -  1 5 x 00 l b f / f t  -  6 .9 5  t o n f / f t .
P la s t ic  Modulus (S )
S
Assume th a t p i l in g  has the same r a t io  Z  -  T  
as a r o lle d  s t e e l  j o i s t ,  i .e . -  1 . 1 5  approx.
Then fo r  Frodingham 4N S -  1 .1 5  x 4 4 .9  ~ 5 1 .8  i n s ^ / f t ,  
and fo r  Frodingham 5 S = 1 .1 5  x 5 8 .9  ~ 6 7 . 9  in s 3 / f t .
S tre sse s  a t  max bending moment
S tre ss  = 1 2 9 0
44*9
I 2 9 0
5 l 7 8
2 8 .8  t o n f / i n 2 
Frod 4N . ( e l a s t i  c )
2 5 .O t o n f / i n 2 
Frod 4 N .( p la s t ic )
2 2 .0  to n f  / i n 2 
Frod 5 . ( e l a s t i c )
1 9 - 0  t o n f / i n ”
Fr od p . ( p la  s t  i c )
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WORKED EXAMPLE No* 2 
33 f t .  9 in* HIGH WALL
Worked Example No* 2 (Non-Uniform  S o i l ) F ig .H I and H12 
By the Fre e Earth .Suppor t  Method
P en etra tio n .o f  th e P ilin g  "(D)
Moments about Tie rod l e v e l ,  Fig., H* 12 
A ctiv e
l ,3 9 o  x  4 .8 u  = 6 ,7 uo
2 ,0 3 0  x 0 * 7 5  = 1 , 5 2 0
2 , 84'0 x = 1 6 , 30O
1 , 2 6 0  x = 1 1 , 3 0 0
4 , 8 9 0  x = 5 0 ,0 0 0
5 , 6 2 0  x = 9 7 ,5 u u
7 ?58o x = 1 7 2 , uoo
A ctiv e  _ ____...IxiSo x = _3& £u O
Pressure -  Pa =■ 2 '? ,Q oU  l b f / f t .  3 9 7 ,1 2 u
A ctiv e  moments = 3 9 0 ,4 2 0  I b f . f t / f t
P assive
o
£  x 538  t>2 x ( 2 8 . 1 0  + j f  )
Try b = 8 f t .  (Fir1 s t  T r ia l)
269  x 64 x  33»4 j  
= 5 7 2 ,0 0 0  3 9 0 ,4 2 0
hence b i s  too big  
Try b = 6 . 7  f t .  (Second T r ia l)
269  x 45 x 3 2 . 6 0  '
3 9 0 ,4 2 0
= 395,000
th is  i s  s a t is fa c t o r y  
Hence fr e e  earth  support p en etra tio n  = 2.-35 + 6 .7 0  = 9 .0 5  f t  
Net p a ssiv e  th r u st  ~ 269  x 45  = Pn = 1 2 ,1 0 0  l b f / f t
2.. Tie Rod Load (T)
*j
T = 2 7 ,0 6 0  -  1 2 ,1 0 0  = 1 4 ,9 6 0  l b f / f t
Tie rod load = T = Pa -  Pp
. .~y 4,” .
h  2 1
F i g .  H 12 Worked Exam ple No 2
. .. F r e e - e a r t h  s u p p o r t  m eth od*
s
; Determine the le v e l  o f  zero  shear fo rce*
This occurs between Pr and ?6 a t a depth o f ? -
2 , 2550
2 2 * 7 5  + ( 1 4 ,9 6 0 - 1 2 , 4 i o ) = 2 2 * 7 5  + 1 0 7 u = 2 2 . 7 5  + 2 . 3 8
-  2 5 *1.3 f t .
le v e r  arm o f  T about zero shear le v e l
a 2 5 .1 3  -  8 . 0  = 1 7 .1 3 f t *
Max. Bending Moment = 1 4 ,9 6 0  x 17*13 = 2 5 6 ,0 0 0
le s s  d e d u c tio n ss -
-  1 , 3 9 0  x  2 2 .0 0  = 3 0 ,5 0 0
~ 2 ,u 30  x 1 6 . 3 8  = 3 3 ,3 0 0
-  2 ,8 4 o  x  11*38 = 8 2 ,3 0 0
-  1 ,2 6 0  x  8 .1 3  = 1 0 ,2 5 o
-  4 , 8 9 0  x 4 .8 8  = 2 3 ,8 0O
x  i * f 9  = J i ^ o i o  ,1 3 3 x 1 2 0 ____
1 4 , 9 6 0  M max = 1 2 2 ,8lu  l b f . f t / f t
=5 6 5 7  to n f . i n / f t .
S tress in  Frodingham S ection  5 ~ 657 7 ' 5 8 .9  ~ 1 1 .1  t o n f /i n 2
P e n etra tio n  fo r  S a fe ty  Factor = 2 , (a g a in s t  toe f a i lu r e )
Moments about t i e -r o d  le v e l
= 2 x 3 9 0 ,4 0 0  = 7 8 0 ,8 0 0  l b f * f t / f t .
Try b = 1 2 .0  f t .  p e n e tr a tio n :»
2 b
b  x  538  b? ( 2 8 . 1 0  + 3“)
= 269  x 9 .6 5 2 ( 2 8 . 1 0  + 6 .4 3 )
= 269  x 9 . 6 5 2  x  3 4 .5 3  = 8 6 0 ,0 0 0
(to o  much)
Try b -- 1 1 .5  f t .  p en etra tio n
= 269  x 9 . i f  x 3 4 . 2 0  = 7 7 5 ,0 0 0  ~ ok
hence requ ired  p en etra tio n  = 1 1 . 5 f t .
Penetration
= 9 f t *  when s a fe ty  fa c to r  -  1
D = 1 1 * 5  f t .  when s a fe ty  fa c to r  = 2
3* M ax. Ba n d in g  M om ent in  t h e  P i l i n g
1/6

R efer t o  F ig . H 1 , F ig . H I3 , D e fle c tio n  lin e  ,
Note the in c e n tiv e  fo r  choosing t h is  method i s  th a t  
on ly  p a rt o f  t h is  diagram has to  be drawn*
Worked Exam ple No 2 .
By t h e  E q u i v a l e n t  Beam ( G r a p h i c a l  M e th o d  )
R efer t o  Fig* G 4- and Table 3 -
As th ere  i s  3 0 °  and 35  s o i l  p re se n t, assume 0  -  3 0 °
Then x  ^ 0*08 h
1) x  — O.0 8  x 33*75 ~ 2 * 7  f t *
2 ) t o t a l  lo a d  on span (from  d e f le c t io n  lin e  )
=• 2 7 ,0 6 0  l b f / f t .
3 ) Maximum bendin g moment from c lo s in g  lin e  on
g r a p h ic a l c o n stru c tio n , F ig  11 13?
0*4-8 x  10. x 2 x 1 0 ,0 0 8  ~ 9 6 , OCX) I b f * f t / f t .
- 1,1 5 9 ,0 0 0  I b f ,  i n / f t .
hence I!LMY -  I ,l50«Q Q 0 -  514- to n f  i n / f t *
"  “ 2 ,2 4 0
4 ) s e le c t  s u ita b le  s e c tio n  o f  s t e e l  sh eet p i l i n g .
2
s t r e s s  in  Frodingham 5 ~ =■ 8 . 8  to n f  / i n  .
5879
5) Tie rod  lo ad  =  I 3 ,3 o o  l b f / f t .
6 ) To find, the lower re a c tio n
BQ “  <2 7 ,0 6 0  -  1 3 , 3 0 0  "* X3 ? 7 6 0  l b f / f t .
7) P e n e t r a t i o n  0. -  1 .6  a  -  G. 6  x  +• 1 .2  I
6 B0
when 0 = 30° io » 2.0 -
‘ /  6  x 13.,.760
henca D ” 3*75 *“■ -*-®c2 I»2. j  q 0 oy^
D = 3.X3 -5- 1.2 y 1 5 +
D = 3 .1 3  +■ 1 4 . 9  = 1 8 f t ,
U Z S
15
Worked Exam ple No 2
R efer t o  Fig* G 3? G 4 ,  Table 3*
The method i s  d e fin e d  in  7 and 8 .
Using the B*S*P. Pocket Book version t
1) x — G.oS x 3 3 * 7 5  s  S . 7  f t .
2 ) t o t a l  load  on sp a n ,(from  the area o f  the a c tiv e  
pressu re diagram drawn fo r  the d e f le c t io n  lirie  
m eth o d ,le ss  p ressu res above t i e  rod l e v e l ) ,
2 7 .0 6 0  -  ( 1 2 1  x 8 ) »  ( J  2 7 0  x  8 )
2 7 . 0 6 0  -  968  -  X ,0 8 0
2 7 . 0 6 0  ~ 2 , 0 5 0  - % =  2 5 ,0 0 0  l b f / f t .
3 ) span L a  ( 3 3 * 7 5  + 2 . 7  -  8 ) =  2 8 .4 5  f t .
maximum bending moment, Mmt>x =• g gj/jDQ x  28*45
8
«  8 9 ,5 0 0  I b f . f t / f t .
l\ i a x  ~ I ,C 6 0 ,0 0 0  I b f .  i n / f t  -■ 4 7 8  t o n f .  i n / f t
4 ) select suitable sheet piling
s t r e s s  in  Frodingham 5 "  4 7 8  -  58*9o
=■ 8 . l t o n f / i n ^
5) To determ ine th e  low er re a c tio n  B0
B x  2 3 .4 5  ~ 450  x  3 .2 5  x  1 . 6 2  »  2 ,3 7 0
( I  46 0 )
2 ,8 4 0  x  5 .7 5  -  1 6 , 3 0 0
I,P.6 o x  9 .0 0  = I I ,3 U 0
4 ,8 9 0  x  1 2 .2 5  =■ 6 0 ,0 0 0
5 , 6 2 0  x 1 7 . 2 5  = 9 7 ,0 0 0
7 , 5 8 0  X  2 2 .7 5  “  1 7 2 , 0 0 0
3 9 7 ,4 7 0  1 , 4 5 0  X 2 6 .5 5  =  3 8 ,5 0 0
B -  397 ? 4 7 0  -  2 8 .4 5  -  1 4 , 0 0 0
0 I b f . / f t .
By t h e  Equ i v a l e n t  Beam ( a p p r o x im at e  ) me t h o d .
/ - m
120
/  8 4 ,0 0 0
B = 2 . 7  rt 1 . 2  /  7 . 1 3
b  = 2 , 7  + 1 .2  yui
D = 1 7 .7  f t .
Load on t i e  rod
T ~ 2 5 ,0 0 0  -  1 4 ,0 0 0  1 1 ,0 0 0  l b f / f t
p lu s area above rod le v e l .
1 1 . 0 0 0  + ( 1 2 1  x 8 ) +  (-J- x 2 7 0  x 8
1 1 . 0 0 0  +■ 968 + 1 , 0 8 0
D e p th  o f . p e n e t r a t i o n
By Rowe1s Flexibility method„
Refer to Fig h I and li 14.
2  j.
Note S  = 3 ^ on back of wall and for toe shear
force
otherw ise £3 = 0
W orked  Ex a m p le  N o 2  ( n o n -u n i f o r m  s o i l_ _ )
I tan ( 4J 4 2 )
ie (Coulomb value at cS= o) ~ 1*5P
3 4 . y  z , -  2 .4 ?  y s,
pp =* 1 . 5
shear force at toe
T as X tan S1 * 5 a
Pp ) tan <5 +  w H
2
This is assumed to act at 3 
below the dredged level®
ta n  2 3 °  = 0 .4 2 5
Momenta about tie rod level
penetration depth
h
1 0 0 X 1 6 . 2 5 X 0 . 1 2 =  1 , 6 2 5 X 0 . 1 2
X 570 X 1 6 . 2 5 X 2 . 8 3 =  4 , 6 3 0 X 2 . 8 3
7 3 5 X i o 5 o X 9 . 0 0 =  1 , 1 0 0 X 9 . 0 0
800 X 160  0 0 X 1 7 . 7 5 -  1 2 , 8 0 0 X 1 7 . 7 5
X 3 60 X X 6000 X 2 0 . 4 1 =  2 ,8 8 0 X 2 0 . 4 X
X 9 3 0 X 5 . 5 2 X 2 7  * 5 9 s  2 , 5 7 0 X 27  * 5 9
£ +  a  2 5 ,6 0 5
^Active moments
Passive moments s Assume penetration
14*9 - 5.52 ~ 9.38 ft
9.38 x 168 * X,58o lbf/ft
14*9 ft
j-l 4
I2Z
1 9 4
1 1 , 3 0 0
9 , 9 0 0
2 2 8 , 0 0 0
5 8 , 7 0 0
7 1 * 0 00
379s 094
IVertical scale J q  in to Xft. «
Pressure scale I in to 1,000 lbf/ft o
F i g  H 1 4  W ork ed  E x a m p le  N o 2 .
R o w e 's  F l e x i b i l i t y  M e th o d .
H  4 2
IZ3
f  x  1 , 5 8 0  x 9 . 3 8  x  3 7 . 5 a = 7 )4 0 0  x 3 7 . 5 2  = 2 7 7 ,0 0 0
+• To x 3 5 .6 8UJ
( pa -  pp ) = ( 2 5 , 6 0 5  -  7 ,4 0 0  ) = 1*8 ,2 0 5  l b f / f t ,
1%. ™ 0 .4 2 5  X 0 . 6 6 7  ( 1 8 , 2 0 5  x 0 .4 2 5 * 4 8 .6 5  x 3 4 .9 9  )
( U sing Frodingham 4N )©
Tg a 0 .2 8 4  ( 7 ,8 3 0  -I- .1 ,7 0 0 )  = 2 ,7 0 0  l b f / f t .
Moment due to  T -  2 ,7 0 0  x 3 5 -6 8  ™ 9 6 5 OOO I b f . f t / f ts
- • 277%coo
T o ta l p a ssiv e  moments " 3 7 3 jOOO
T h is a ch ieves a b a la n c e , hence to  f in d  load on t i e  rod  
Tfe s  “  2 5?6° 5  -  7 ,4 0 0  -  2 , 7 0 0  «  1 5 ,5 0 0 l b f / f t o
3 3 * 1 5
<5C = 4876'5 = 0 . 7  and H = 4 8 .6 5  f t .
F a  s s i v e  mornent s  ©
For le v e l  od zero  shear fo r c e  ?
Try 2 6 f t  9 in  below top o f  w a ll
=  ( 1 , 6 2 5  -!• 4 ,6 3 0  +  1 , 1 0 0  )  +  8 0 0  X  9 . 0  9
■tt' s + x  S I  x  9
Tf e „ =  7 , 3 5 5  +  7 , 2 0 0  + 8 x5 «  1 5 , 3 7 0  l b f / f t
t h is  le v e l  is  sa tis fa c to r y ®
Maximum bending moment f o r  fr e e  earth  support
M,, ~ x5?5oo x 1 8 0 7 5  -
f0fo 1 , 6 2 5  x  180 63  «  3o ? 3 oo
4 5630 x I p . 92. ~ 74,ijOU
1 , 1 0 0  x  9©75 -  1 0  , 7 ’uo
7 , 2U0 x 4,5*0 ~ 3 2 ,4uu
8 i5  x  3 *0 0  =■___ 2 4 1 5
1 4 9 , 8 4 5
Mf e s  ~ -  14-9? 845  ~ 1 4 0 ,0 0 0  I b f  © f t / f t
or M« ~ 7 5 0  t o n f .  i n / f t  ©
X Q  S
I  fo r  s e c t io n , u sin g  Frodingham 4-N 
X ~  Z  per fo o t  x  J* width  
I  -  4 4 .9  x, 6 . 5 0  =  2 9 1  In4
h4  _ a n 6 o _ x i n 6 o _
(0 -  =■ /  =s 0 .0 0 0 6 4
 ^ jjp j 3 0  x  1 CP x 29X
lo g  <p "  4 .8 0 6 2  =* -  3 - 1 9  w rite  lo g  (p -  - 3 . 2
Design moment a t  lo g  (p -  -  3 »2 
when o< ± 0 . 7  and fj -  0 .1 6 4
M = 7 ? 0  x  0 .4 8  = 36 O ton f,. i n / f t .  ( Rowe Fig 1 3  a )
( check wijph F ig G Jb and Chart R 1 2 , when H -  4-8.65 )
the la t t e r  o b v ia te s  the n e c e s s ity  fo r  c a lc u la tin g  lo g  ff
360  -  8 0 X to n f/ix f*
s t r e s s  in  Frodingham 4-N ~ 4 4 .9
T ie rod lo ad  reduced due to  f l e x i b i l i t y  ( due to  
decrease in  e f f e c t iv e  span)
See Rowe *s Fig 22 a
T = 1 5 ,5 0 0  x  0 .6 9  = 1 0 ,7 0 0  l b f / f t .
= 4 .8  t o n f / f t .
Worked Example  No 2  b y  Rowe’ s She e t  Pi le  W a lls  a t  
F a ilu r e' -  Optimum, p ro p o rtio n s . Fig II 5 /
For lo o se  sand Rowe g iv e s  }(  = 9 5 . f h / f t 3
ka a 0.266
A llow in g fo r  super load  by in creased  h eig h t o f  w a ll
33*75 + ( 4-48 i  95 ) = 3 3 -7 5  + 4 . 72- 38. 47,
0 .7 3  H «  38*47 
(th e  p e n e tra tio n  i s  s e le c te d  to  givectfB*Oo73  )
hence H = 52*7 f t
h5  «  2 , 7 8 0  ~ 1 4 6 ,0 0 0
The depth o f  t i e  rod  would be ad ju sted  to  g iv e
f i  = 0 .2
R eferrin g  t o  F ig . G 7? Rowe’ s Fig *' 10*
f f es
k j H S = Ool7
T fe s  a Oo 17 x  0 .2 6 6  x 95 x  2 . 7 8 0  a 1 2 , 0 0 0  
T =  1 . 2 5  X 1 2 , 0 0 0  = I5 ,0 0 U  l b f / f t  
T = 6 . 7 0  t o n f / f t .
% e s  = °33
5 7
ffes = 0 .0 3 3  x  0 .2 6 6  x 95 x 1 4 6 ,0 0 0  = 1 2 4 ,0 0 0
M = 0 .3 0  x 1 2 4 ,0 0 0  = 3 7 ,2 0 0  I b f . f t / f t .  
M a 2 0 0  to n f . i n / f t .
V e r t ic a l  sc a le  in  to  I  f t *
■ ■ 2  P ressure s c a le  X in  to  1 ,0 0 0  l b f / f t
F i g .  H X5 W ork ed  E xam p le  No 2 .
T s e h e b o t a r i o f f  ®s m eth od *
J27
Worked Example No 2 ( non— uniform  s o i l  ) F ig  H X5
By_ Tschebotar 1  o f f  * s Method*
Iva
n c\ 
f  ‘ li 0 .3 3  f '"
H = 3 3 -7 5  f t  
f  ~ 0*9
f '  = 3*5
f /;/ i s  the e f f e c t  o f  w a ll  f r i c t i o n  > 
a  = depth to  anchor le v e l  -  8  f t .
hence K„ «a
O ff
3 *5 0 o *3
Moments about t i e  rod .le v e l s
I -  0068 ) Oo2 8 o
0 / 1 2 5  - 255
■2 .8 3 I2,ty00
9 . 012) - 9 , 9 0 0
1 7 * 7 5  = 2 2 8 ,0 0 0
20*41 =s J 5 ± 3 < £ L
s ~ 3o5?355
I* x54-5 x  l 6 . 2 j  x 2 o83 -  4 ,4 2 0  x
J 7 3 5  x 1 * 5 0  x  9 * 0 0  =■ i , i a )  x
80 0  x  16  .OOx 1 7 . 7 5  s  1 2 ,8 0 0  x
i x  336  X 1 6 *00 x  20*41  ~ 2 ,6 9 0  X
sum a c tiv e  pressure -  23 7040
sum a c tiv e  momei
re a c tio n  a t  dredge le v e l  3 9 5 j-S5 5 «> “  H >9C 0 l b f / f t 0
"2 5*75
Tie rod load  23 ,0 1 0  -  1 1 ,9 0 0  ~ 1 1 ,1 4 0  l b f / f t
For le v e l  o f  zero shear fo rce  
tr y  22f t  below top  o f  w a ll
T ~ ( 2 ,0 3 0  + 4 ,4 2 0  + 1 ,1 0 0  ) + SCO x 4 .2 5  ~ <jr 2 1 .8  x 4 .2 5 2 
-  7 )5 5 o + 3 ,4 o u  +• 1 9 7  »  1 1 , 1 4 7  l b f / f t
Maximum bending mome n t in  sh eet p i l i n g
Mmax “  ( H j I 4 0  x 14) -  ( 1 9 7  x l .4 2 )  -  ^ ( 3 ,4 0 0  x 2 ,1 2 )
- (  1 ,1 0 0  x 5 .0 0 ) -  ( 4 ,4 2 0  x11*17) -  ( 2 ,0 3 0  x  13*87)
a 6 4 , 3 0 0  I b f  * f t / f t  ss 34-4  ^ t o n f  o i n / f t *
S tre ss  in  Frodingham 4N. = 344- *- 44*9  ~ 7 . 7 O P
t o n f / i n "
P e n e t r a t i o n  JJ — 0 * 4 3  H — 1 4 * 5  f t
128
By the Danish R ules Method®, 
as d efin ed  by T s c h e b o ta r io ff?IO , 502®
surcharge e f f e c t  «■ 44-8 = 3 *7 3 f t  Fig® H J.6
12:0
hence h =• 3*73 + 8 ~  II® 73ft®
Hw »  1 6  f t
Wor k e d E xam p le  No 2 * N on u n i fo r m  s o i l .  F ig *  f f  L
t Q *  0 *3 5  x hw a  5 - 6 f t *
f  t o = 3 .7 3  f t
D ~  J z  x. t Q = 8 f t
L = 2 5 .7 5  + 3 .7 3  *  29.4-8 f t
Take moments about o
383  x. 8 * 2 5  x 4 ,1 2  a 3 )1 4 0  x  4 *1 2  a 1 2 ,9 0 0
4>Jx2*6 7 x 8*2-5 X 5 .5 0  a  1 3 Xoo X 5® 50 = 6 ,O 50
867  x l 5 o  x 9 ® 00 = 1 , 3 0 0  x  9 * 00  =  1 1 , 7 0 0
933 x i 6 .o o  x i7  *75 =1.4 , 9 0 0  x i '7 *75 — 2 6 5 ,0 0 0
b  x 4 € b  x l 6 *00 x20«.42  = 3>200 X 2 0 .4 2  = 6 5 ,3 0 0
"1 ,0 4 5  x  3 - 7 3  x 2 7 *6 x a 3 ,8 8 0  x 2 7 * 6 1  »  1 0 7 *5oo
27  s5  2 0  4 6 8 , 44/0
4 6 8 ,4 5 0  ® 15>900  l b f / f t
Bc =  29 * 4o
S\0  a 2 7 ,5 0 0  ~ 1 5 j 9uo= 1 1 , 6 0 0 ' l b f / f t .
For le v e l  o f  zero shear fo r c e, tr y  x  f t  below t i e  rod.
1 1 , 6 0 0  I (3,140 +  x i o o  +  1 3 0 0 ) +  9 3 3 C x  -  9 *75 )
1 +  i  x  2 5 c x “ -  9®75>
t r y  x  a 1 6 f t .
5 , 6 4 0  *  5 ,8 2 0  *  490  «  n ,9 5 o
t r y  x =■ 15*75 f t
5640 5 ,6 0 0  *  450  «  1 1 ,6 5 0
sa tis fa c to r y ®
H 4 2 )Z&1
Vertical scale [6 in to -Ift*
p. Pressure scale I in to Is OCX) lbf/ft
F ig©  E  16 W ork ed  E x a m p le  No 2 e
. . B a n is h  R u le s  M eth od *
130
M0 *  ( 1 1 , 7 0 0  x 1 5 -7 5 )  -  ( 3 >14*0 x 1 1 . 6 3  ) - ( i , i o o  x 1 0 . 2 5  )
- ( 1 , 3 0 0  x 6 *7 5 ) -  ( 5 ?6 uo x 3 +uo ) -  (45u  x  2 . 0 0  )
M0 »  18 5  5000  *  7 4 , 2 7 0  -  1 1 0 , 7 0 0  i b f . f t / f t .
M, — n egativ e  moment a t  anchor level©
121 x 8 x 4©GO ~  968  x 4
k x  262  x 8 x 2+67  I <>Ol8 x 2 . 6 7
A , 2 , OiG
1 1 0 , 7 0 0
Pm
n
k
1 ,0 1 0  l b f / f t *
Bgl
8 x  110 + 7  op 
” 2 9 . ^
r a t io  o f  bending momenta- = T f o f f O Q
?
I  ___
o T o i y r  x + n ) E a
3 , 8 7 2
2 , 6 0 0
M .«  "“ 6 7 6 7 2
I b f  © f t / f t
O0O6
E -  3 0  x 10 °  
l b f / f t 2
0  *  3 5 °  
s in  0  ~ 0 .5 7 5
a ~ I3oO (Frod 4IT) 
L -  29 + 48 f t  p 
(5* = 8 t o n f /in  
( 1 7 , 9 2 0  )
I b f / i n  .
% =5 44 © 9 ins 3 / f t
hence
k
k
Oc 01
rT Fnt' / I *06 x 30x10 x13*0  
2 % 4 8 ~ x  £2 x “T T 7 900
I
1  + 0 *0 x7 4  /  65
lc ‘ 0+875
k  ( 4 *  IOh )
___Ly
i o h
L
x  vm
15)
117 <3
a  r~ 0*875  ( 4  fr 2 9 /4 8  )  x  1 *010
T '7 0 3
5 + C 2.9 5 48 )
ci =■ (1 * 0 1 0  X 0 *875 X 7 * 9 9 )
"8799
q ~ 7 9 0  l b f / f t 2
2
MY
M 2
E0 -  “ 2 - U Z . . q . f c  
19?
1 7  s?
~ 1 1 0 , 7 0 0  -  3,336 -  192 x  x
«  1 x0,700  -  3?336 -  60,500
m2 ~  1 x 0,700  -  63 , 80© =  47,000 I b f *  f t / f t
Mfi -  25? t o n f* i n / f t  0 
bending s t r e s s  in  Frodingham 4N
= 4479 ~ 5*64 t o n f / i n f
(a red u ctio n  in  s e c t io n  cou ld  be made to  s e c t io n  3-N)
Xn th a t case the new bending s t r e s s  i s  not in  the r a t io  
o f  the s e c t io n  m oduliibecause the value o f  k changes0
An — A fr A X q  3Lp  O J J -
&p «  I I ,6 C 0  + 2 ,0 1 6  -  3  x  790  x  29„48
Ap ~ XX, 6 0 0  fr 2 , 0 1 6  -  1 ,9 4 0  -  IX , 6 8 0  l b f / f t
= A i O t o n f / f t
P e n e t r a t i o n  D -  ,8f t *  ( b r o u g h t  f o r w a r d )
I3Z
By Terzaghids Anchored Bulkheads1’ Method 
see Fig H 17.
N o te . Water pressu re reduces to  zero a t c a lc u la te d
p en etra tio n  d ep th ,n o t aswumed depth® t
se ©"'Anchored Bulkheads'11 P 2 6 2 -2 7
( assume clea n  sand o f medium d en sity  to  depth l 6 f t  3 i n .)
c lea n  sand o f  lo o se  d e n s i t y ,l 6 f t  3 in  to  3 3 f t  9 in  
clean  sand o f  medium d e n s ity , below 3 3 f t  9 in *)
Take the lo w est value o f Gs recommended by T erzaghi = 2  
P 262 -  34 Z  x 68 z, a 238 z,
Then p a ssiv e  r e s is ta n c e  = 2
For depth o f penetration®
Take moments about t i e  rod le v e ls
N o te «. a t r i a l  and erro r  method id  p re fe rre d  fo r
so lv in g  T e rza g h i5s ’ equation in  the th ir d  d egree ’
A ctiv e  moments about T
113 x 1 6 .2 5  x O* 1 2  = 1 , 8 2 0  x 0 . 1 2  ' = 2 19
J x488 x 1 6 .2 J  x 2 083 = 3 595t) x 2 .8 3  = I X 5200
7 8 0  x 1 . 5 0  x 9 »oo = 1 , 1 7 0  x  9 * 0 0  = 1 0 , 6 0 0
840  x 1 6 . 0 0  x  1 7 . 7 5  -  1 3 ,4 0 0  x 1 7 * 7 5  -  2 3 8 ,0 0 0
£  X306 x 1 6 .CO x 2 0 .4 2  = 2 ,4 5 0 x 2 0 .4 2  «  5 0 ,1 0 0
2 2 , 7 9 0 “ 310,'020
875 z f (25*75 +  f  )
p j 8 f t .  > -
8.5 z f ( 25.75 *' 3 '
4 8 z , ( 2 5 . 7 5 +  S ' )  - ;'
2.2.1
T o ta l p a ssiv e  moments = 3  238 x',’  (2 5 -7 5  + 3 )
■s 2 S.i
= 1X9 z, ( 2 5 .7 5  + 3 )
For- fr e e  earth  support con d ition
z , 0  z 2 i
3x 0,020  + 8 75  z t ( 2 5 . 7 5  + 2" )  rt 8 . 5  ( 2 5 . 7 5  + 3 )
rt 48 z,( 25.75 +  3' )
?  2 z ,
= 1 1 9  Z ?  ( 2 5 . 7 5  + 3 )
Worked  Exam ple No 2
) : ,y,
o  g  13 3
V e r t ic a l  sc a le  To in  to  X f t .  
Pressure s c a le  1 in  to  1 5 OOO l b f / f t *
F ig . H. I ? -
/  -..Worked Example No 2
Terzaghi® s Anchored Bulkheads Method,
J34-
Try z , - 1 4  f t
0 „ _ 3X 0 ,000
8 7 b" x 14 x 3 2 . 7 5  S 4uO,uuG
8 * 5  x 196  x 35»o3 = 5 8 sio o
48 x 14 x 3004 0  -  2 0 ,4 0 0
“ 7887520
XI9 x 19 6  x  35o08 8 2 0 ,0 0 0
too  la rg e
Try z ,  = 1 3 o7 f t
„ _ , • 3 1 0 ,0 2 0  
b? 5  x  1 3 . 7  x 3 2 . 6 u a 3 9 0 ,0 0 0
8 * 5  x 1 8 7  x  34*88  = 5 5 j 3 0 0
48 x 14 08 x 30 068 = 2x3  80 0
"7 7 7 1 x 2 0
1 x9 X 188 X 34.88 780,000
hence p e n e tra tio n  p -  1 3 * 7  f t *
A ctiv e  load
8 . 5  z f
8 75 55, 
48 z t
Pa -
2 2 ,7 9 0
1 1 , 9 0 0  
1 , 7 8 0  
71 0
3 7 7 B O
Passive load 1 1 9  x I 88 2 2 ,4 0 0
Anchor lo a d  per fo o t T - 1 4 ?7 8 0
l b f / f t
Note Terzaghi recommends th a t the anchor p u l l  fo r  
fr e e  ea rth  support s h a l l  be used in  d esig n , 
see "Anchored Bulkheads" 3? 262 -  34
For maximum bending moments
l e t  x be the d ista n ce  between low water and the le v e l  
o f zero shear fo rce  -  z ~s
1 4 , 7 8 0  = 1 , 8 2 0  fr 3 ,9 5 0  fr i ,X 7 o  + 8 4 0  x fr 9*5  * 2
IJ r;- / ,j *
l e .  2 6 . 2  f t  below the top  o f  the w a ll
Fra® Earth Support Moment Mmax
M = 1 4 ,7 8 0  x18 .2
- (  1 , 8 2 0  x  1 8 . 08) -  ( 3 , 9 5 0 x 1 5 . 3 7 ) -  ( 1 , 1 7 0  x 9 . 2 0  
-  ( 7 ,1 0 0  x  4 .2 2 )  -  ( 676  x 2 .8 2 )
Mmax "  2 6 9 ,0 0 0  -  3 3 , 0 0 ) -  6 0 ,7 0 0  -  1 0 , 7 0 0  -  3 0 ,0 0 0
'=» X a 9 ( J O
S X32 ? 7 CO Xbfo f t / f t  or
~ 7 X0  t o n f . i n / f t .  a
H
F le x i b i l i t y  number o f  sh e e t p i.le s  P  =* - E X
4.
1  fo r  se c tio n  4H Frodingham »  4-4+9 x  13*60 »  291 in  / f t— 2 
i.
2
fr o m  w h ic h  x  «  8 + 4 J  f t +
2 4
X fo r  se c tio n  J Frodingham -  58+9 x 1 2 , 2 4  -  36O in  / f t
»  2 ©2gO x 2 d
3 0  x It) X 2 QX -  0© 000580  ( Frod 4R )
<? ® 2 , 2 5 0  x 2 ,2 5 0
~  3 0 T T Q  x 36*0 «  OoOOm-68 ( Frod 5 )
See "Anchored Bulkheads1** Fig 1 3  P 126X,Medium s o i l
Moment redu ction  in  Frod0 4N »  0©62
Design moment -  0 *62  x 7 10 ~ 4 4 0  tonf© i n / f t
s tr e s s  -  9 - 9  to n f/in * "
Moment red u ctio n  in  Frod 5 -  t l 7 0
Design moment -  0+70  x  7 \ 0  — 500 to n f« in /j| t»
S tre ss  in  Frod+ 5  — 8+5 t o n f / i n
By th e Area Momen ts Method® Case 2 .
R efer to  Fig® E l 8 .
Sum o f  n et a c t iv e  p ressu res on the w a ll =■ jpa
■£ Pa »  2 7 ? vbG  l b f / f t .
For le v e l  o f  zero shear fo i ’ce as a c a n tile v e r s
J ;X  7 .1 3  X 7 5  X  y 2 =  2 7 , c 6 o  =  t ? ' a  ~  £  p p
y,2 =■ 5 4 ,1 2 0  i  C 7.I3  X 75)
hence y =  IO ft
Dimension X to  le v e l  o f X -X  = 2*35 *  lo  — 1 2<.-35 f t *
Worked Example N o* 2
At t h is  stage i t  i s  u s e fu l t o  s e t  out the c a lc u la tio n s  
, .in the f o r ^ .o f ,  a L iable ? q
section
Force
L about 
X - X.
M
a 5?„
(ak+a)
‘|ML
Ff * 1 , 3 9 0  x 4 2 .8 5 = 5 9 >?0O - 4 . 8 8 23*69 1 , 2 8 0 ,0 0 0
P2 = .2 , 0 3 0  x 3 7 -3 5 = 7 6 ,OCO 0 .7 5 25*65 1 ,4 2 0 ,0 3 0
r3 = 2 ,8 4 0  x 3 2 . 3 5  =9I}8oo 5 -7 5 27*32 1 ,4 8 0 ,0 0 3
f4= I ,2 6 0  x 2 9 . 1 0 =3 6 , 7 0 0 9 . 0 0 2 8 *4 0 535? 0 0c
p6* 4 ,8 9 0  X 2 5 .-8 5 = ,1 2 7 , 0 0 0 1 2 . 2 5 29*48 1 ,640,(300
5,6,20 X 2 0 „'8 5 = , 1 1 7 , 5 0 0 1 7 -7 5 3 1 0 6 5 I,230,WO
r 7= 7 ,5 8 u  x 15 •35=,1 16 ,5 00 23.25 3 3 .4 8 895? OOO
Pfl- 1 , 4 5 0  X 11 .57 .=  , 1 6 ,8 0 0 2 7 .0 3 3 4 * 7 4 9 7 ,0 0 0
A ctiv e  moment= 6 4 1 ,8 00
\ J  ML x = 3 0 ,3 0 0 0 0 0  + 3 6 ,4 o O 3OU0 *  4 0 ,5 ’00 ?0 00  
*  1 5  5 200} 0 0 0  4 8 ,40U, 000 +■ 39 s COO, ooo 
+ 3 0 , 0X30, 0 )0  +  3 , 3 7 0 , ‘OOO
Bum area moments o f  a c t iv e  pressure =■ 2 4 3 ,1 7 0 ? COO 
se c tio n s  about T
V e r t ic a l  s c a le  fg in  to  I  f t *  p
P ressure s c a le  s in  to  1 ,0 0 0  l b f / f t “
Fig* H l8 *  Worked example No 2 .
Area Moments method*
6 4 1 , 8 u o
P a s s i v e  m o m e n t s  =  2 7 / T o  x  3 «>33 9 0 y 2~'O0
N e t  m o m e n t  a b o u t  X  ~ X  - 5 5 X , 6  u p
M o m e n t  o f  a r e a  o f  p a s s i v e  b e n d i n g  m o m e n t  d i a g r a m  
a b o u t  T  m
9 0 , s o u  X  “  ( IO  fr 2 0' 3 5  fr 3 3 «7 5  - 8 - 2 )
-  8 ,  xoo, 000
N e t  m o m e n t s  o f  a r e a s  o f  b e n d i n g  m o m e n t  d i a g r a m s  a b o u t  T
243,170,000 - 8,ico,ooo - 235?070,000 - m .
T i e  r o d  l o a d  -  ^ .
(X  fr h  - D t ) “'
T ~ 3x235  X i o 6  f  3 8 . 1 0 ^
T -  1 2 , 7 0 0  l b f / f t
Actual. bending moment at X — X
• =  5 5 1 , 6 0 0  -  1 2 ,7 0 0  x  3 8 0 I O  
=  5 5 1 , 6 0 0  -  4 8 3 ,0 0 0  -  6 8 ,6 0 0  I b f  * f t / f t
•2
y ^  - ( 6 8 , 6 0 0  x  2 )  5  3 3 8 0  ~  2 5 * 5  h e n c e  y p  =• 5 *m 5  f t
P e n e t r a t i o n  -  2 . 3 5  *  I O  fr 5 * 0 5  if . 317*4  f t *
L e v e l  o f  z e r o  s h e a r  f o r c e  i s  2 2 * 7 5  f t  f r o m  t o p  o f  w a l l  
M a x im um b e n d i n g  m o m e n t  f o r  d e s i g n  =
1 2 ,7 0 0  x  14*75 -  1 3 9 0  x  19*65  -  2 0 3 0  x  1 4 . O O  -  2840 x  9 * 0 0
- 1260 x 5*75 - 4890 x 2*5o
~  1 8 7 , 0 0 0  -  1 0 3 3 0 0 0  =  8 6 , 0 0 0  i b f  * f t / f t
M -  1 0 3 0 , 0 0 0  I b f  . i n / f t .
-  4 6 0  t o n f ,  i n / f t
By the C o lla pse Method CL
(fr e e  e a rth  support) see Fig H X and H 19«•
Take super load in creased  by fa c to r  Ik 5 •
ie  from 4 to  6 c w t / f t 2 in  t h is  case 6 72l b f / f t
Worked  .Exam ple No 2 (n on -un iform  so il) ..
Overdredge 10% o f  re ta in e d  h eigh t  
Increase s o i l  p ressu res  
Reduce s o i l  r e s is ta n c e s  
C o e ff ic ie n t s  o f a c t iv e  pressu re t
3 <*37 f t
0 + 2 7 1  x l . l  
Oo 333 2c io i
0 *298  x 1 2 0
0*298  x  7 5  
0+366 x 75
Oo 298 when 0  
Oo 366  when 0
3 5 .8
22.® 3  
2 7*5
3 5 °
3 0
C o e ff ic ie n t s  o f  p a ssiv e  r e s is ta n c e  
7  o 6 0  x Go 8 5  =*■ 6 + 4?
kp x ' =  6 ,4 5  X 75 = 484 
Net value = 484 — 22 = 462  
Depth t o  S'cross-over'® = a «
l s 3 1 i
462 2+88 f t :
Moments about t ic* r•od le v e l
A ctiv e  s Ibf Ibf. f t 4o6200 X I60 25 X Oo125 = 3,250 X 0+125 -
i
58o X I60 25 X 2©83 „ .4 ,710 X 2083 * 13?350I 2 030 X Xo5o X 9.00 « 1 ,54-5 X 9.00 ~ 13?900
4
1,096 X 160 00 X 17 075 * 17? 5oo X 17*75 - 310,000440 X 16.00 X 20.42 » 3 , 52o X 20+42 = 72?000
X, 580 3.37 X 27.43 » 5? 3X0 X 27o43 * 146,ooo
& 1.336 X 2 o88 X 30oQ% s 1,920 X 30.C4 ~ 57. 500
sum a cliiV€> pressuxse ~ y i , l W 613? 156
P assive  moments
2
sum a c t iv e  moments
2b
h  X 4.62 to" ( 32.00 + 3 ) 
231 bri 32 + 0.667b)
(•40
JV e r t ic a l  s c a le  73 in. to  I  f t *  2
Pressure sc a le  1 in  to  1 ,0 0 0  l b f / f t
F ig  H 19 Worked Example No 2®
C o lla p se  method (c)®
\A-\
H C O  ■
Try b *  9 f t ,  2 3 1  x 3 1 . x 38 «  7 1 7 ,0 0 0
8 * 5  2 3 1  x 73*25 x 37*67 = 6 3 0 ,0 0 0
8 o4  2 3 1  x 7 ^ . 5 0  x 3 7 . 6 o «  6 3 0 ,0 0 0
hence fr e e  ea rth  support when b -  8 *4  f t *
p en etra tio n  ® (3 «3 7  + 2 .8 8  + 8*4) »  14*65 ft®
(in c lu d in g  3®37 f t  ovex-dre dge ) *
p a ssiv e  r e s is ta n c e  = 2 3 1  x  7 0 * 5  =» i 6 ,4 o q  I b fo /f t ®
hence 'I' = (3 7 ?75 5  -  1 6 ,4 0 0  ) =- 2 1 ,3 5 5  X b f . / t b .
F o r  l e v e l  o f zero shear fo rc e s
tr y  2 7 * 5  f t  below the to p  o f  the w alls
3 , 2 5 0  + 4 , 7 1 0  +  1 , 5 4 5  +  ( 1 , 0 9 6  x  9 . 7 5 )
•i- i  2 7 . 5  x  9 .7 5 2
9 ,5 o 5  + 1 0 , 7 0 0  + 1 , 3 0 0  *  2 1 , 5 0 0
Maximum* bending moment s
M «  (2 1 ,4 0 0  x  19*5) -  (3 * 2 5 0  x I9o38} -  ( 4 ,7 1 0  x I 6 0 6 7 )
-  ( 1,5 4 5  x  io®5 )  -  ( 1 0 , 7 0 0  X  4 * 8 7 ) -  ( 1 , 3 0 0  X  3*25)
«  4 1 6 ,0 0 0  «  2 1 4 ,7 0 0  -  2 0 1 ,3 0 0  ib fo ft /f js ®
M »  2 0 1 , 3 0 0  x 12  =  1 9 €80  t  on * in  / f t  ®
“ 2240"“
Using Frodingham s e c t io n  5 p i l in g   ^ 7
e l a s t i c  modulus «  53*9 ia  / f t
... I .0 8 0  2
maximum bending s t r e s s  = 5 3 * , 9 s  l 8 04 to n f  / i n
p la s t i c  modulus S »  IoX’5  x 58 *9  "  67©5
I,<3Bo 2
max® bending s t r e s s  =  “6 7 0 jT” a 1 6 * 0  t o n f /i n
U sing Frodingham s e c t io n  4¥ p i l in g  .
e la s t i c  modulus «• 44*9  in -V f t
1 9q8o  g
maximum bending s tr e s s  =• 44-*9" — 24 „ I  t o n /  in
p la s t i c  modulus S =  Xol5 x  44®9 »  5i®6
maximum bending s t r e s s  =■ I sc8 o 2
5176“  = 2 1 ® O t o n f / i n .
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WORKED EXAMPLE No. 
20  f t  High W a ll.
1 ° Pen e t r a t i on o f  th e pi l ing ( x , ) .  Fig B 9
Moments about t i e  rod le v e l .  F ig H 21 
A c tiv e
75 x  1 7  x 4©5o = x ,2 ? 5  x 4 * 5 0  = 5?
4  565 x  I ?  x  7 + 3 3  "  4 , 8 o o  x  7*33  55 3 5 , t o o
7 6 5  X 3  X 1 4 . 5 0  »  2 , 2 9 5  X 1 4 . 5 0  3  3 3 ? 3 0 0
J  8 9 0  x  3 ©1 7 x 1 7 . 0 6  = 1 ,4 X 0  x  1 7 © 0 6  »  2 4 , i o o
sum a c tiv e  p ressu res f , 78o l b f / f t  _  ____
sum a c t iv e  momwnts a 9^7 23 0
F ir s t  t r i a l  assume 9 f t  p en etra tio n  
sum p a ssiv e  moments = \  1 , 6 3 0  x  5 *8 3  x  23*06 
— - • a  I1 Q ? OOO
Second t r i a l  assume 8+7 f t  p en etratio n  
sum p a ssiv e  moments »  |Tl% $56~x 5 * 5 3  x 22+86
— 99 ? 000
n e t p a ssiv e  r e s is ta n c e  »  jp* »  4 ,3 0 0  I b f
2 « Tie  rod l oad ( T  )»
t i e  rod lo a d  »  T ~ -  P^a p
T a 9 , 7 8 0  -  4 , 3 0 0  -  5 ?500  l b f / f t
~ 2 °45  t o n f / f t *
'Wo r k e d  Ex a m p le  No 3 „ Fi g  H I  and  H 2 l
By th e  F r e e  E ar t h  Supp o r t  M eth od
For le v e l  o f  zero  shear fo r c e , 
t r y  h 2“  X5 f t
75  x  15 22 1 ,1 2 5  to o  sm a ll
k  5oo x  1 5  = 3 .75Q
4 ,8 7 5
try  h = 16  f t
* 75 x  16  -  x ,2 o o
i  533 x 16  = 4 , 2 6 4
“5*,^64 s a t is fa c t o r y
145
2 2 4  l b / f t 2
v e r t i c a l  sc a le  H in  to  1 f t
p
pressu re s c a le  I  in  to  1 ,0 0 0  l b f / f t  %
Worked Example Ho 3  .
F ig  H 2 1 . Free E arth  Support method.
I Ar (a
3® Maximum b e n d in g  m om ent i n  th e  p i l i n g .
M «  12 T -  ( I ? 2O0 x  8 ) -  ( 4 ,2 6 4  x 5*33 )
6 6 ,0 0 0  -  9 ,6 0 0  -  2 2 ,7 0 0
-  33*700  Ib fc  f t / f t  o
M »  l 8 l  t o n f  in /ft ®
S e le c t  s u ita b le  s e c tio n  o f  p i l in g
l 8 i   ^ 2
'S tress in  Frodingham SET = 2 1 ® 4 «  8*5  to n f/in ® '
P en etra tio n  f o r  s a fe ty  fa c to r  o f  2  (a g a in s t  toe  
f a i lu r e )  based on moments about t i e  rod le v e l
Assume l i f t  p e n e tra tio n  s ( D )
sum p a ssiv e  moments
b  2 , 1 9 0  x  7083  x  24®40 = 2 0 9 ,0 0 0
( t h is  i s  s l i g h t ly  in  ex cess o f requirem ent )
2  x 9 8 ,2 3 0  ~ 1 9 6 ,4 6 0
a t  IO ®8 f t  p e n e tra tio n
b  2 ,1 5 0  x 7 .6 3  x  24*22 a 198,4300.
D ~ IO08 f t .
\4j
iK
4l
b/
H
.l>
U
Pb
H
LU
AU
R efer to  Fig H X, Fig H 2 2 , D e fle c tio n  line®
Note th a t  the in cen tiv e  fo r  choosing t h i s  method i s  
th a t  only p a rt o f  t h is  diagram has t o  he drawn*
R efer t o  Fig G 4- and liable '3®
As the s o il , has 0  ® 3®° x ~ O .o Q
1) x  = (LOS x  2 0  -  Io6 f t
2) t o t a l  load  on span 9 ? 8 l5  l b f / f t  ( from the
d e fle c t io n " lin e  method)
3) Maximum bending moment from c lo s in g  lin e  on 
g ra p h ic a l c o n stru c tio n , Fig H 22
o e? 5  x  5 x  2 x  2 , 5 4 0  »  19  sw o  l b f . f t / f t
~ IOI t o n f * in /ft ®
4 ) s e le c t  s u ita b le  s e c t io n  o f  s t e e l  sh eet 'p ilin g .
s t r e s s  in  Frodingham 2N = IOI = 4*7 t o n f / i n 2
2 X 7 4
2
s t r e s s  in  Frodingham I  = IOI = 9*7 t o n f / i n
(se e  Appendix 4- fo r  a llow ab le  s t r e s s e s )
5) T ie  rod lo ad  = I®73 x 2 ,5 4 0  = 4 ,4 € 0  l b f / f t
~ 1 , 9 7  t o n f / f t
Worked Example  No 3
By t h e  E q u iv a le n t  Beam ( g r a p h i c a l  m e th o d  )
‘ *6) To fin d  th e lower rea ctio n s
B0 = 9 ,8 x 5  -  4 ,4 0 0  «  5>415 I b f / f t
\
14 3
/ 6 Bo
7) 'P enetration  D -  1 + 6 a -  0+6 x  4  1+2 /« .
Y #  (mkp -  ka
D =  ( l « 6  x  3 + 17) -  (G o6 x  1+6) +•
/  6 x  5 ,4 x 5  
+ I . Z  A  b o  i 5 -  u .3 3 )
“ 4  + 14 -h I© 2 1X6
D ~ 4©14 X©2 x  10©8 «  £ 7 .1 4  f t
or assuming th a t  m -  2 ? 2kp = 6©0, ka =■ D©33
[  ,32 a 491) 
o XO O+96 ±  X©2 aJ J4o
»  4 o l4  h* ( X02 x 9©3 )
D = 4 .1 4  + XI©X . “  X5o24 f t
pr
ISO
Refer to Fig 0 3 *  G 4, Table 3« H L  &  2X©
The method is defined in 7 and 8 +
U sing the Bfr8<.Fo P ocket Book v e r s io n  g
I )  x ss 0+08 x  So -  I 06 f t  when
2.) total load on span,using Fig H 2 1
« 2u3 x 13 3 2,704*
4 432 x 1 3 « 2,8X0
765 x  3 ~ 2 ,2 9 5
4  ( 8 9 0 rf 4 4 5) x io6 = iq
Worked Exam ple No 3
By t h e  Equ  1 v a  l e  n f  Be am (  a p p r  o x i m a te ) -m e t h o d «,
lbf/ft,
30°
3 ) span - ( 20 rf X06 - 4 ) = 1706 ft
maximuM banding moment, Mmax ~ 8jJ 
a 1 9 , 6 0 0  Ibf«ft /ft 
~ Iu5 tonf in/ft*
¥
x  ,0.7.06
4) select suitable sheet piling 
stress in Fhodingham 2N ® 2X+4 = 4 + 9 tonf/in'.2
5) B„ x  X7o6 2 ,7 o 4  x  6 ©5o
2 ,o I 0 x  8066
2 , 2 9 5  x 14© 5u 
i?O70 x I60OU
1 7 5600
2 4 ,4lX) 
339 300
1 8 , u cx ) 
93,3do
hence Bo 93? 3(00 -r I?  06 5 , 3 0 0  lbf/ft *
151
/ 6 x j?,3uO 
15 I© 6 fr x »2  y  6 u (  5 u o 33)
=  I o 6  fr 1 * 2 J I 1 4
-  1 *6 fr 10*7  X 1*2  =• 1 4 o7 f t .
T ie rod load
% = 8 ,8 7 9  “  5 , 3 0 0  +  J  x  4 (7 5  +  ao8  )
8 , 8 7 9  ~ 5 , 3 oo + 566
T ~ 4,14-5 l b f / f t  a .Co 85 t o n f / f t .
By Rowe’ s  F l e x i b i l i t y  Method
E efer to  F ig  H 1 and H 23
c ^  0Note <5 s  3 on back o f  w a ll and fo r  toe  shear fo r c e  
otherw ise £  = 0
^ = lo o  l b / f t ^ ,  fo 
6 0  l b / f t 4 
k »  Oo 20
3 0
J2L
k »  (Coulomb value a t  c5 »  0 ) -p 1  » 5 - I »5 P
2c 0
shear fo rce  a t  toe
T = l7 5  ta n C Pn ^ P 5 ta n  S> 4- w Ha p P s _
t h is  i s  assumed to  a c t  a t  3 o f  p e n e tra tio n  depth  
below the dredged le v e l
tan 2 0 ° ® O* 364-
moments about t i e  rod le v e l
k  539 x  1 9 .2 4  x 6 058 = 5 * 1 8 0  x 6 .5 8  ® 3 4 , 1 0 0
657 x 3«.u x 14*5 0  =  1  s 9 7 1  x 1 4 o5 0  ® 2 8 ,6 0 0
£  7 7 6  x 7 . 5 2  X 1 8 * 5 1  ® 2 ,2 2 0  x  1 8 * 5 1  =  5 4 ,1 0 0
<  TL = 1 0 ,0 7 1
i l 6 , 8 u o
|T a c tiv e  moments I b f ® f t / f t
P assive  moments t assume p e n e tra tio n  = 15® 5 f t
£  824 x 7 . 9 8  x 20*84  »  3 , 2 9 0  x 28084  =  9 5 ,0 0 0
Ts
U a -  fp  ) *  ( 1 0 ,0 7 *  -  3 s29u ) = 6 , 7 8 1
To a 0 .6 6 7  x 0 .3 6 4  (  6 , 7 8 1  xO. 364  + 3 5 . 5  x 2 3 . 0 1 ) 
b using Frodingham 2  N
T =s- Oo 243 ( 2 ,45u  •+ 8 2 0  ) »  f 800  l b f / f ts ----------------------
T o ta l p a ssiv e  moments ® 9 5 *0 0 0  + 2 0 ,8 0 0  = 1 X 5 ,800
I b f . f t / f t o
v e r t i c a l  s c a le  I  in  to  I  f t
B p
pressu re s c a le  I  in  to  1 , 0 0 0  l b f / f t "
F ig  H 23 Worked example No 3
Rowe’ s F l e x i b i l i t y  method*
~776
\
\
\
\ '
j _\
/5 4
This achieves a balance,hence to find the load 
on the tie rod :
Tfes * ( IQ?0 7 1 - 3 , 2 9 0  - 800 )
»  5 , 9 8 0  l b f / f t  »  2 * 6 7  t o n f / f t
For level o f zero shear fo rce
J: 28 h2 2 = 5 , 9 8 0  h 2  »  429
h„ =  2 0 ,6  f t
M„... a 5 ,9 8 0 ( 14,36 - 6 , 8 7 )
5,980 x 7 . 4 9  = 44,6oo ibf,ft/ft.
- 239 tonf* in/ft
JIGS
&<
2 0  
13T<T5J
Oo 57 and H ^ 35° 5
4
1  for section using Frodingham 2 N - 99 In
(p ss h - 1 3 260 x 33260 _  cl uou53
E  I  3 6  x  I O P x  9 9 '
lo g  p =5 4,7243 = ~ 3 .2 7 5 7
w rite  lo g  p ~ -  3=27 and from F ig  Q 5 &
M «  0*75  hence M »  o 0 75 x 239
M fes =  1 7 9  t o n f  i n / f t  *
( r e fe r  a ls o  t o  Chart R 15 fo r  a s o lu tio n  )
p
s t r e s s  in  Frodingham 2N «  179©- 21*4  *  8*4  t o n f /in " '
u sin g  Larssen 2 ? (p = o 0 003:86 lo g  Q ^  - 3©0655
M « 0*6 x 239 =• 143
wires s » 1434 1 5 9 8 « 9 tonf /in2
check with Chart R 15,noting tidal lag is 
smaller in the charts 9 o< » o. 7 B
U  7 S ' /
Worked Kx ample No 3 by Howe's Sheet pile Walls at
Failure ) Optimum proportions. Fig H 6©
For loose sand Rowe gives $ ~ 95 lb/ft/
ka ~ 00 266
Allowing for superload by increased height of wall
2 0  r f  (  2 2 4 -  1  9 5  )  =  2 0  +  2 © 3 6  =  2 2  © 3 6  ft
0©73 H a 22+36
( the penetration is selected to give c< - 0+73 )
Hence H = 30© 6 ft
D " 8 + 24- ft
I I 2  a  9 4 - 0  h 3  =  2 8 , 7 0 0
The depth of tie rod would be adjusted to give
f t  a  0 . 2
Referring to Fig© Q  7? Rowe’s Fig 10©
»  0 + 1 7
¥ i i2
Tfes 3 0®X? x 0+266 x 95 x 940 a 4,250
T ~ I© 25 x 4,250 J.SoOlbf/ftL t
£  te1 2*38 t o n f /f t ©
k ^ H 3 ~ 0o°33
M fes - U0O33 x 0+266 x 95 x 2 8 ,7 0 0  - 2 4 ,0 0 0
M -  0+ 30  X. 2 4 ,0 0 0  =s 7 ,2 0 0  Ibf© f t / f t
M -  88 + 5 t onf© i n /f t o
156
By Tscheb o ta r 1o f f  »s meth od
W ork ed  E xampl e  N o__3. F ig  H I  , H 24
nt
a
1 “  H 0.33 f
///
f  i s  e f f e c t  o f  w a ll f r ie t io h  
a * depth to  anchor le v e l  ®
Go 2
H = 2 0  f t
///
f  = 0.9 ■
f '  = 3-5
4 f t
hence k„ 3?^>
x  CL 3 Oo 283
Moments about t i e  rod le v e l
6^ x 1 7  x 4 o 5 «  1,071) x 4 *5
4  479 x 1 7  x  7 * 3 3  ® 4 su5u x 7o3
= 4 , 8 lO
.  ,  «  2 9 ,5 0 0
6 6 1  x 3 x 1 4 .5  u ~ 15,983. x 14*5 -  2 8 , Boo,
sum a c tiv e  p ressu re  7 ?'lo3 6 J ,T il>
sum a c tiv e  moments
R eaction  a t  dredged le v e l  = 6 3 ?1X0 3?9 5 o  l b f / f t
l €
Tie rod load  = 7 5100  -  3 ,9 5 6  «  3 ?I ? 0  l b f / f t
For le v e l  o f  zero  shear fo rc e  % 
I  28*3  fry ® 3 ? X50
h f  = 6 * 3 5 1 0  »  2 2 5 , 
"2 8 7 3  5
h. 15 f t
Maximum bending moment
U 1 1 , 8 0 0  x 12
- 3,i5o ( 8*76 - 5«>o ) 
»  3,150 x 3.76 
= II58OD Ibf.ft/ft 
= 63 tonf® in/ft
2 ,2 4  O
s t r e s s  in  Frodingham I  A ~  6 t o n f / i n
P e n etra tio n  D «■ 0 o43 x  2 0  -  8*6 f t *
157
2 2 4  l b / f t
vertical scale ^  in. to I ft
/
pressure scale I in to I,OOP lbf/ft
Fig H 24 Worked example No 3
Tschebotarioff*s method
I5S
W orked  E xam ple  No 3 F i g  H 2 ?
By the Danish Rules Method
as defined by Tschebotarioff, IQ, 502.
surcharge effect « 224 = 20 24 ft
ICO
hence h ~ 2.24 fr 4*0 ~ 6*24 ft
With the water in front of the wall at foreshore level
As the penetration depends on this depth, assume
Hv/ » Oo? x 2204 - ll© 1 2 ft
take tidal lag s 3ft
than t * 0.35 x II. 12 » 3 .90ft
I  -fco -  2 , 6 0  f t , ,  d  =  j z .  X t 0  =  5 - 5 o  f t ,
L =■ 16 fr 2 .6 0 - 180 60 ft
Take moments about A 0
240 x  1.88 x  0 .9 4  ™ * 4?0  x  Oo9^
270 x  3*00 x  3.38 •“  810 x  3.38
£ 247 x  3*o o  x  3oS8 = 370 x  3.88
517 x  13*72 x  11.74- ~ 7,100  x  11.74
& 273 X 13*72 x  14o03 ~ JL lP Z S  x  14.03sum pressures IU JjQO
sum moments 420 fr 2,720 fr 1,440 fr 8 3 ,?O0 fr 2 6 ,3 0 0  
B * 114^380 ~ 6 ,l5o lbf/ft.
0 ""BT.S-
Ai0 = 1 0 ,60a - 6 ,I? 0 - 4,4?o lbf/ft
For level of zero shear force try x ft below the 
water level
A0 a  ( 450 +  8X0 + 370 ) + 5 l7 x  + J  20 X2
A0 =  1,630  + 5l 7x  «■ 10 x
solution when x = 5 ft
Mo » (4 ,4 6 5  X 9 . 88) - ( 250 X I067 ) - ( 2 ,5 8 5  x 2 .5
-  ( 370 x  6*0 ) -  ( 810 x  6 .5  ) ~  (4 ? o  x  8 . 95)
M = 44,000 - 418 - 6,480 - 2 ,22u - 5>2?0 - 4,100
Mo » 25,540 Ibf* ft/ft
/ sq
2 0
ft
2 2 4  l b / f t '
6 + 24
16
5 -5
£24
11.12
3*9
TTCW
77XC (V/7A V
1-88
3-0
T
l8+6
Dimensions in feet
I
soil and water 
pressures lbf/ft
Vertical scale 8 in. to Ift©
Pressure scale I in to 1,000 lbf/ft2
Danish Rules Method, defined by Tschebotarioff
1 0 , 5 0 2
Fig E 25 Worked Example No 3*
M, ® ( 75 X 4 x2 ) '* ( b 1 3 3  X 4 X 1*33) 
= 300 x 2 + 266 X Io33
- 955 lbf*ft/ft6oq  + 355
t 2  pm L
8
and pm =• B.x^5*2li)
l 8 ®6 "
= 590 lbf/ft2
n » Ratio of bending moments =■ 255- “ 0 * 0 3 7 3
25,5*40
k
E - 30 x IQ 
lbf/ft2 
0  = 3 0 °
sin 0 = o *5 
a » 5 -7Jin 
F r o d  IA 
L ® l 8 06 ft 
& -  8 tonf/:Ln2 
(17 >920) 
Ibf/infr 
Z  = XOo5in8/ft
 X
Q 0 01 K 'l + h~")' B "a 
X I- s i n  0  J  L fV '
hence 
k =
„6 .I + Do 02/ 1.037 X  30 X  10 x5o75
lS*6 x 1 7?920"x 12
k =
I  0 o0 2
k = 0 .8 8 5
q
k ( 4 1 0  h ) x p,m
(  ^ . xo h \
\ J  T /JU
u.885 ( 4 H- 62*4 ) x 590
1879'
5 + 62*4
r a r r *
and I® 5 q 690 lbf/ft2
46o lbf/ft2
ILI
Mo = M - M. -  _£L. q 3° 2 192.
2m ~ 2 5 , 5 4 0  - 4 7 7 . 1 2  x 4 6 0 x 18+6 ' 
2 1 9 2
= 2 5 , 5 4 0  - 4 7 7 ~ 14,100 
Mg » 1 0 ,9 6 0 Ibfcft/ft ® 5 8 tonf.in/ft
A ~ kv rf A ,
P 0 1 2
46o x 1806 
Ap ~ 4 ,4 5 0  4- 567 1 2
Ap « 4,45o rf 567 -  715
Ap ™ 4,300 lbf/ft lo93 tonf/ft
2stress in Frodingham I A ~ 5^ - 5*5 tonf/in
iu 7 5  •
l£>2
✓By Terzaghi1s* Anchored Bulkheads 'Method 
see Fig H 26
retaining loose soil, assume backfill' ( Fig H 26 )
a) on the passive side,in front of piles, assume C4 = 2 * 5  
then 2 * 5  ~ 1 2 0  z,
this would, result in very deep penetration
Note that K.. for 0  =■ 30° and S  -  0 ,  ~  3 %  z f (Rankine)
j?
Terzaghi gives a range of Gs from. 2.0 to 3*0
b) taking the lowest value of'G - 2 * 0
then 3 0 0 «■ Ijo ie passive resistance?l5 0 z (
t c Q
For depth of penetration
take moments about tie rod level
Note s a trial and error method is preferred td> solve 
Terzaghi's 'equation in the third degree ' 0
water pressure reduces to zero at penetration D.
Active moments about T
78 x 1 7 x 4*5 ~ I,33o x 4*5 = 6,000
& 5 9 7  x  1 7 x 7 o33 - 5 / T u  x 7-33 « 3 7 , 2 0 0
79 8 x 140 5 X 3 = 2,394- X 14*5o ~ 34-,700
733 z, ( 1 6  2 ) =•- 733 z, ( 16 <- 2 ' )
xo.5 z?(l6 -1- 2zt) = I0„5zf( 1 6  + ~f‘)
"3 3
z
Wo r k e d  E xa m p le  No  3
4- 187 Z, (  x6 +■ f )  ~  9 3 * 5 z ,(  16 +  |« >
Total j>assive moments » 4 15& ( 16 fr -"pp*)
For free earth support condition
77,900 + 733z, ( 1 6  + |') + 1 0 . 5  zf( x6 i-12>)
-!• 93=5 Z| (16 -!• t y ) = 75 z 2 ( 16 +■ )
U3
Tvertical scale g in to I ft 
pressure scale I in to I, OOO lbf/ft
Fig E 26 Worked example No 3
Terzaghis Anchored Bulkheads method.
A
/ 4 4
20 ft
2 2 4  l b / f t "
77X^ 7:
4ft
62 4 )--- V*-
0 ~ 100 lb / f t  
£ ~ V )  #
fc = 0.3 5 X-i
r = -  6 0  i b / f t
0  =  30°
<5 = 2 0 °  
p =
1.9 24
2,104
2 7 2 4 '
Active
77,9co +(733x14,8 x 23*5) * (10*5 x  22u x 2 5*8 7)
rf ( 93*5 x I408 x 2 0.9 3)
- 7 7 , 9 0 0  rf 2 5 4 ,0 0 0 rf 6 0 ,0 0 0 rf 2 8 ,9 0 0 » 4 2 0 ,8 0 0
t r y  = 1 4 .8  f t  =  B
Passive
75 x 220 x 25.87 « » 425?OOO
this is satisfactory
Active load - 1,330 + 5?o8o rf 2,394
- 733 2S,+ 10.5 af + 93.5 z, ■
sum P =■ 8 , 8u4 rf lo, 800 rf 2,300 rf 1 , 3 8 0  
a » 23,284 lbf/ft
Passive load =■ sum Pp - 75 x 220 - l6,500
Anchor load /ft
T ss 2 3 ,2 0 0 » l6 ,5oo » 6 , 7 0 0  lbf/ft
Note Terzaghi recommends that the anchor pull 
for free earth support shall be used in desigm 
see 'Anchored Bulkheads' P 262-34
For maximum bending moments
level of zero shear force is given by
&  35 bf -  6 , 7 0 0
hf 3 Xl3 q4ou =t 382 from which h2« I9*5ft 
~ 35depth below top of wall =■ 19 + 5 2+24 » 1 7 .26ft
(the small element of water pressure which appears 
±0 the diagram at this level can be ignored)
free earth support moment Mmax 17+ 2 6
M ~ 6,700 ( 19*5 - 2+24 ~ 4.0 - ~ f“ “ )max
= 6 , 7 0 0  x 7 . 5 1  = 5 0 ,5 0 0 Ibf.ft/ft
- 2 7 1  tonf. in/ft
length of pile M — ( 2u rf 1 5 ) 3 35
Flexibility number of sheet piles f t  ^  jh__
E 1
X for section 2CJ Frodingham ® 21 <,4- x J 9*25 — 99 in'
I for
P
log p 
log p
From Anchored Bulkheads Fig 13? N 1261 (Loose soil)
( or use . attached, design Charts)
M = 0*82 F 2N when (° ® 5 x I0~4'
Mm-.W ~ -4or 0.65 la 2 when p « 8 x 10
Design moment in F SET « 222 p
stress in F 2N = 222-4 21,4 ® 10*4 ton/in"'
Design moment in L 2 — 176
stress in L 2 * 1 7 6 4  I5?8 ® II. a tonf/in1
4-
2 Lars sen » X5<>8 x £  7° 87 =*• 6 2 * 1
1 * 2 2 5  x  1 ,2 2 5  • ® OoQOu5^5
30 x 10 x 99 Frodingham 2 N
- 3 * 2 9 6 7 in Frodingham 2N
- 3 .0 9 6 9 in Larssen 2
/  (=> to
J$y the Area Moments method Case 2.
Refer to Fig H 27
sum of net active pressures on the wall
1) v  Fa a 9,8x5 lbf/ft.For level of zero shear force
as a cantilever ? .
J 280 y 2 ~ 9 >8x5 hence y2~ 7 0 & y? » 8 * 3 5 ft
X =■ distance of X «* X below dredged level -11.52 ft
2 )
section
force ..Moment
L about
X  - X 7  M  a X  &  M L
Wo r k e d  E x a m p le No 3
2 1 7 x 3 0 .5 2 =* 6 , 6 1 0  ~3*oo 17.35 1 .0 1 ,0 0 0
35o x 28.52 - 1 0 ,0 )0 -1 . 00 1 8 .0 J 142,600
4 8 2 x 2 6 . 5 2  =5 12 , 8 0 0  i x8o68 1 7 0 ,0 0 0
6 1 5 x 24o’52 = 1 5 , 1 0 0  3 1 9 - 3 5  1 8 5 ,0 0 0
~ 3 * o o 1 7 . 3 5
-1 .00 18= 5
I 18068
3 1 9 - 3 5
5 2 O 0O I
7 20 *68
9 2 1 . 3 5
11 22.01
13 2 2 . 6 8
1 5 2 3 * 3 5
17*06 24*03
7 4 9 x 2 2 . 5 2 =' 1 6 , 0 5 0  5  1 8 9 , 5 0 0
882 x 2 0 . 5 2 “ 1 8 , 1 0 0  7 O0  1 8 5 ,0 0 0
1 , 0 1 5  x 1 8 * 5 2 = 1 8 , 8 0 0  9 2 1 * 3 5 1 7 4 , 5 0 0
1 , 1 4 9  X  1 6 0 5 2 - 190 0 00 II eUl 1.5 7 ?OOO
1,332 x 14*52 ~ 19,400 13  141,000
1,614 x 12o5 2 - 20,200 1 5  1 2 6 , 5 0 0
1,410 x 10*46 a 1 4 / 7 5 0   77jlOO
M - X7xTftT
X X  *
sum. area moments = sum | M L x
» 1 ,7 5 0 ,0 0 0 fr 2 ,5 7 0 / 0 0 0 fr 3 ,1 8 0 ,0 0 0 fr 3 ,5 8 0 ,0 0 0
3 .7 9 0 .0 0 0 fr 3 ,8 3 0 ,0 0 0 fr 3,720,000 fr 3 ,4 6 0 ,0 0 0
3 .2 0 0 .0 0 0 fr 2 ,9 5 0 ,0 0 0 fr 1 ,8 6 0 ,0 0 0
— 3 3 ,8 9 0 ,0 0 0 — sum active area moments
moment of net passive thrush about X-X
* 9 S815 x 8 .35 = 9 ,8x5 x 2*78 « 27,300 ibf.ft/ft 
3
net moment about X - X  ~ 1 7 1 3 6 x0 - 2 7 , 3 0 0
=* 1 4 4 ,3 1 0  I b f . f t / f t
/ 6y
h rf X - Dt - 2 7 * 5 2 ft
Tvertical scale | in to I ft
2pressure scale X in to 1,00) lbf/ft
Fig H 2 7 Worked Example No 3 
Area Moments method
3) Net moments of areas of bending moments! 
diagrams about T
iU 5 ( 8.3? + 2 3 . 1 7 - 4 - 8 ^  )33,890,000 - 27S3O0X 4 5
-  33, 890,000 - ( 7o5 » o o o x  2o09)
= 32,420,000 « M A
3 mk ,
4) Tie rod load » (h rf X - D+)J
- T “ 97,260,000 3 4 s6 Jo lbf/ft .
("27.52 P
J) Actual bending moment at X - X
= 144,3X0 “(4,650 x 27+52) 3  16,310 Ibf.ft/ft
6) y /  = i o a i o x j .  = 14, y  = 3.75 f t
2 2 8 0 x 8 . 3 5  2
total penetration D - 3 + 1 7 rf 8+35 + 3 * 7 5
D « I5«57 ft
7 ) level of zero shear fox*ee is given by
i  33«3 = 4 , 7 0 0
h/‘ 3  282 and h- = 1 6 * 8 ft
a )  2
maximum bending moment
4,700 ( 16+ 8 - 2©24 - 4®o - 5 + 6 0 )
s 4 , 7 0 0  x 4 . 9 6 3 2 3 ,3 0 0  Ibf,ft/ft.
M s  i25 tonf in/ft
Uo°{
By the Collapse Method (C)
. pTake suggested minimum superload 336 lb/ft”
Overdredge IO %  retained height 2 ft
. Increase soil, pressures IO %
Reduce soil resistances 15 %
Coefficients of active pressure s
0 *3 3 3 x 1 . 1  s 0 .3 6 6 when 0  = 3 0°
Coefficient of passive resistance s
5.0 x 0 . 8 5  = 4.25
u ' =  4 . 2 5  X  6 0  -  255
net value ® (  2 5 5 « 2 2) = 2 3 3
Depth to ’cross - over* =■ a » 1,047 s 4.53 ft
233
Moments about tie rod level 
Active
123 x I? x 4.5o = 2,090 x 4*50 ® 9,400
4 6x7 X 1 7 X 7 . 3 3  =. 5,24u X 7 . 3 3  = 3 8 ,5 0 0
8 7 5 X 3 X 14.50 =- 2 ,6 2 5 X 14.50 = 3 8 ,0 0 0
1 , 0 2 8  x a x 1 7 . 0 0  = 2 ,0 5 6 x 1 7 .00 ~  3 5 ,loo
4 1 , 0 4 7  x 4 . 5 3  X 1 9 . 5 1  - 3 . 3 7 5 x 1 9 . 5 1  = 46,2lX)
14,386 ________
sum active pressures 1 6 7 , 2 0 0
sum active moments
Passive moments s
£  233 b2 ( 22.53 + y  )
3olution when b = 7 . 2  from trial and error
116*5 x 52 x 27.33 ~ 166,COO (satisfactory)
penetration = ( 2 + 4 . 5 3  + 7 . 2  ) a 1 3 * 7 3 ft
(which includes 2 ft overdredge)
Wor k e d  E xam ple  N o 3 F ig  11 1  an d  H 28
/ 70 .
F T
336 lb/ftS
vertical bending horizontal pressures
pressures moments to scale p
(not to scale) I in to 1 , 0 0 0  lb/in~
Xvertical scale 3 in to I ft
F i g  H 2 8  W ork ed  E xam ple  Ho 3
C o l l a p s e  m e th o d  ( c )
i7 !
For level of zero shear force %
solution at x8 . 2  ft below top of wall
checks 2 , 0 9 0  fr 5 ? 2.40 fr 1 . 2  x 820 
7,330 * 990
- 8 , 3 2 0  (satisfactory)
Maximum bending moment
M « ( 8,300 x 14.2) - (2,C90 x 9 ,7 0) ' -
- (5,240 x 6 . 8 7 ) -) (990 x 0 . 6 0  )
M = 61,400 Ibf. ft/ft
M a 330 t o n f  i n / f t .
using Frodingham 2 K, elastic modulus a 21.4 in3/ft
maximum bending stress - 330 ~ l5*4- tonf/in2
2 1 . 4
plastic modulus S s 1,15 x 21.4 - 24.6 in^/ft
maximum banding stress a 3 3 0 = 13.4* tonf/in
T »  1 4 ,4 0 0  -  6 ,10 0  a  8 ,3 0 0  l b f / f t
2
cm
•9
Si? 
9 s
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WORKED EXAMPLE No. 
40 ft HIGH WALL.
1 ,6 8 0 X 0 . 5 0  3 • 840
3 ,5 0 0 X 3 . 3 3  3 1 1 , 6 0 0
1 ,8 6 9 X 1 0 . 5 0  3 1 9 , 6 0 014,740 X 2 2 .0 0 3 3 2 4 ,0 0 0
2 , 6 5 0 X 25.33 3 6 7 ,0 0 0
X 32.63 3 3 1 , 0 0 0
moments ""4 5 4 7 0 0 0“"
( proportions frcm 'discussion' in Proceedings 
inst. Civil Engineers,Sep X952,on Howe’s' 
Flexibility method)
I- Penetration of the piling ( x ») Fig i-j 9 
Moments about tie rod level, Fig H  30
A c t i v e
9 9  x  1 7  x  0 . 5 0
i  411 x 1 7 x 3 . 3 3
6 2 3  x  3 x I O . J O
7 3 7  x  2 0  x  2 2 , 0 0
i  2 6 5  x  2 0  x  2 5 . 3 3
§  1 , 0 0 2  x  1 . 9  X 3 2 . 6 3  
sum active pressures
Yfork e d  E xam ple  No 4
By t h e  F re e  E a r t h  S u p p o r t  M eth od  F i g  H I  H 3 0
F i r s t  t r i a l  a s s u m e  9 f t  p e n e t r a t i o n s  
s u m  p a s s i v e  m o m e n t s
- J- 5 2 2  x  7 . 1 ^  x  3 8 .6 3  ~  5 1 0 ,0 0 0  t h i s  i s  t o o  b i g
S e c o n d  t r i a l  a s s u m e  8 . 6 f t  p e n e t r a t i o n s  
s u m  p a s s i v e  m o m e n t s
4  5 2 2  X  6 . 7 2 X  3 8 . 3 7  =  1 1 , 7 0 0  X  3 8 . 3 7  =  4 5 0 ,0 0 0
t h i s  i s  s a t i s f a c t o r y , h e n c e  f r e e  e a r t h  s u p p o r t  
p e n e t r a t i o n  =  8 . 6  f t  -
n e t  p a s s i v e  r e s i s t a n c e  Pp = II , 7 0 0  l b f / f t
2 .  T l% .  r o d  l o a d  (  T  )
t i e  r o d  l o a d  =  T  3  ? a  -  P p
T  =  2 5 ,3 8 9  -  1 1 , 7 0 0  =  1 3 , 7 0 0  l b f / f t
T  =  6 . 1  t o n f / f t
f o r  l e v e l  o f  z e r o  s h e a r  f o r c e ,
t r y  2 7  f t  b e l o w  t o p  o f  w a l l  h 2 -  27
s u m  a c t i v e  p r e s s u r e  3  I , 6 8 o  r f  3 , 5 0 0  +  I ?869  +  7 3 7 o x  7
+  k  1 3 . 2  X  7 2
=  7 - 7 , 0 5 0  + •  5 , 1 5 9  +  3 2 4
-  1 2 , 5 3 3  (  b o o  s m a l l  )
t r y  2 8 . 4  f t  3
p
s u m  a c t i v e  p r e s s u r e  3  7 , ® 5 o  +  7 3 7  2c  8 . 4  +  A  1 3 * 2  x  8 . 4 "  
3  7 , 0 5 0  r f  6 , 1 8 0  r f  4 6 2
= 1 3 , 7 0 0  l b f / f t  ( s a t i s f a c t o r y )
4 4 8  l b / f t 2
vertical scale A  In to Ift
D
p r e s s u r e  s c a l e  I  i n  t o  1 , 0 0 0  l b f / f t
F i g  K  2 0  W o r k e d  E x a m p l e  N o  4
F r e e  e a r t h  s u p p o r t  m e t h o d
t j b
13,700 (28*4  ^ 8) -  ( 1,680 x  19*9 ) -  (3*5OO X 17o07) 
-  ( 1,869 x  9*9 ) -  ( 6 , l 8o x  4 .2  ) -  ( 462 x  2*8)
» 280,000 -  3 3 ,4 0 0  -  59?700 -  18,500 -  25,900 -  1,300 
»  280,000 -  138,800
* 141,200 I b f . f t / f t  
® 76o t onf* i n / f t
3* Maximum b e n d in g  moment in  th e  p i l i n g *
Penetration for safety factor of 2 (against toe 
failure) based 021 moments about tie rod level
Assume lift penetration a jj 
sum passive moments ^
%  522 x 9*1 x 39*97 = 865,000 
this is too small 908,000 required
Assume 11*2 ft penetration
■J 522 x 9*3  ^x 40*10 a 910,000
satisfactory
total length of pile ~ ( 40 fr I.9 + 9*3 ) - 51-2 ft.
stress in Frodingham 5 1 2 * 9 tonf/in
9
( a heavier section is needed )
( see allowable working stresses in Appendix 4 )

W orked. E xam p le  N o 4
%  the Equivalent beam (graphical method)
Refer to Fig© H I, H 31 (deflection line)©
Note that the. incentive for choosing this method is 
that only part of Fig H 31 would be drawn©
Refer also to Fig G 4 and Table 3*
1 )the soil has 0  »  40°© Take x *s o when 0  a  40
2) Total active load = 25,384 Ibf/ft,from the 
deflection line method®
3) Maximum bending moment,from closing line oh 
graphical construction ,Fig H3I,
0*48 x lO X  2 x 10,000 3 9 6 ,0 0 0 Ibf® ft/ft*
4) select suitable section of steel sheet piling
( see Appendix 4 for allowable stresses )
5) Tie rod load = X*l6 x 10,000 3 11,600 lbf/ft
5 . 1 7  tonf/ft
( the above values are as for deflection line, 
there is coincidence between the methods ) +
6 ) To find the lower reaction ?
Bq 25 2 5 ?38 0 - II,6oo 3 13 ?78 0 lbf/ft*
5 1 5 tonf©in/ft
7) Penetration D 3 1+6 a » 0+6 x +> I.;
D 3 ( 1,6 x 1 * 9 ) rf
} 79
By the Equivalent Beam (approximate method)© 
Refer to Fig G 3, G 4, Table 3, Fig H I,H 30 
The method is defined in 7 and 8 .
Using the B©S0?o pocket Book version §
1) Take x =s O when 0 - 4o°
2 )  Total load on span, using Fig XI 30,
~ 292 x 9 = 2 ,6 2 8
i : 218 x 9 ~ 980
W ork ed  Examp le . Ho 4-
Maximum bending moment - 2 2 , 9c
623 x 3 - 1 , 8 6 9
7 3 7 x 20 =• 14,740
3 ) ■pan I (40 - 8) a 32 ft
hence M.
« 91,6 OO Ibf.ft/ft
91 T O O  x 1 2 a 489 tonf in/ft 
"“2", 240
4} Select suitable sheet piling
stress in Frodingham 5  3 4-89
5879
~ 803 tonf/in2
5) B x 32 =* 2 ,6 2 8 X  4*5 = IX, 8 0 0
nftr, L f \ ~ C R tu980 x  6*0 38 5?880
1,869 x  i o . j  » 19,600
1 4 , 7 4 0  x 22 o O  -  3 2 4 ,  C O O
2 , 6 5 0  X  25-33 -  ' v ' n2 5 - 3
-  1 3 ,4 0 0  l b f / f t
H  l o
D  3  O  r f  1 . 2  /  6  X  I 3 t e O O _ __________
T o  ( 8 + 9 -  u 8 22) 
D  3  1  +  2  x  1 2 + 4  a  1 4  0  9  f t
7 )  T i e  r o d  l o a d
T = 22,900 -  13,400 rf 99 /v .8
rf ^ 193 x 8
T  =  2 2 , 9 0 0  -  1 3 , 4 0 0  r f  7 9 2  r f  7 7 2
T  *  I I , 0 6 4  l b f / f t
i e  T  e s  4+92 t o n f / f t .
HWorked Example N o 4 
By Howe’s Flexibility Method 
Refer to Fig H 1 , Ii 32
Rot© f t ® ■§- 0  on. the back, of the wall, and for toe shear 
3 f or ce , otherwise £  — u
"6 = 1X0 lb/ft3 , j6~ 4-0°
-  60
k&-  0 . 1 8
k ~ ( Coulomb value at S ~ Q ) ~r 1*5
1 . 5  ’ • rp 3 n
shear force at toe
I tan £ 
T ® 1 . 5
f I?) tan 5 + w H  ^ P s
2this is assumed to act at x of penetration depth 
below the dredged level ^
tan 2 6*7 ° =*• Qo5g5
moments about tie rod level
J 464 x 21*0 x 2eQ ® 4,900 x 2*0 =■ 9,8oQ
575 x  3*o x  10*5 3 i?725 x  io®5 3 i8 ,x o o
6 8 7 x 20*0 x 22.0 = 1 3 ,74-0 x 22*0 = 301,000 
4 24o x 2GoO x 2j<.23 ~ 2,4oo x 2 5 ®33 - 6o,5oo
| 9 2? X  5.5 X  3 3 .8 3 =  2,540 X  .3 3 . 8 3 =  8 6 ,0 0 0
sum active pressures 2 5 ,3 0 5 __
sum active moments 469,970
Passive moments, assume penetration ® 13*5 ft
£  1,340 x 8 x 42*83 * 5,360 x 4 2 * 8 3 = 2 3 2 ,0 0 0
-s« T s  x  41*00 due to toe shear
( p - l > )  « (25,305 - 5,36o ) = 2 0 ,0 0 0 lbf/fta p
T = 0,667 x 0.505 ( 20,000 x 0.505 *  53.5 x 34.99 )
using Frodingham 4 H
3 0*337 C 10,100 + 1,870 ) = 4,050 lbf/ft
Total passive moments 4 ?0 / 0 x 4 I  * 1 6 6 ,0 0 0
= 3 9 8 ,0 0 0 lbf»ft/ft 232 0OOP
this penetration is inadequate«»
/ /  f o  z
kp 3  3 + 0
ivertical scale in to I ft
2pressure scale I in to I,COO* lbf/ft'
F ig  H 3 2  W orked  E xam ple No© 4
R ow e ’ s  F l e x i b i l i t y  m ethod®
. /«  3
t {  /o  s
Second trial penetration 
Assume 14+75 ft
£  i,55o x 9 . 2 5  x 4 3 .6 7 3 3 1 2 ,0 0 0
rf Tc x 4Xo83w
where ( P„ ~ P_ ) = ( 25',305 - 7»l5o )
a p 1 8 , 1 5 0
t = 0 .6 6 7 x q.5o5 ( 1 8 , 1 5 0  x 0 .5 0 5 + 5 4 . 7 5  x 3 4.9 9)using Frodingham 4H
s O o 3 3 7 ( 9 ? 2 5 0 rf 1 ,9 2 0 ) 3 0 +337 x n ,  1 7 0
=• 3 ?7 5 0 lbf/ft
moment due to T 3 3 >750 x 41 + 83 3 l57?00() s
Total passive moments 3 469,000 Ibf©ft/ft 
This achieves a balance,hence 
Xjoad on tie rod 3 2 5 , 3 0 0  - 7 ?l5o - 3 , 7 5 0  
Tfes = 1 4 j 4O0 lbf/ft 
For level of aero shear force;
4 . 9 0 0  + 1 , 7 2 5  + 687 y  +  i 2y2 = i4,4oo 
Try y 3 10+4 ft
4.900 rf .1,725 rf 7,150 rf 650 3 14,425 
this will be satisfactoi'y
Maximum bending moments
(14,400 x .  22© 2 )  -  650 x 3,47 -  (7jT5l) x  5*2 )
-1,725 x IX+9 - (4,900 x 20+4)
3 3 2 2 ,0 0 0 - 2 , 2 6 0  - 3 7 , 2 0 0  - 2 0 ,5oo - 1 0 0 ,0 0 0
3 1 6 2 , 0 0 0  Ibf. ft/ft ie M 3 8 65 tonf ©in/ftx es
4u  3 Oo73
<=* 3 54.75 and H = 54 + 75 £b
I for sect!0x1 using Frodingham 4N 3 44,9 x 33,
2
(refer to 8 or Appendix I ) = 2 9 1 in4/ft+
(° * 3 3 Oo 00X02
® I 30 % xo® x 2 9i
l o g  ^ 3 3.0086  3  -  2+991 ( s a y —3*0  )o
184
Design bending moment at log p  » - 3 *0 , ~ 0*73
~  0 * 1 4 - 6
Rowees Fig X3 (e) dense soil see Pig G 5k 
M « 865 x 0*44 3 8 0 tonf* in/ft
pstress in Frodingham 4 N - 380 " 8*5 tonf/in1"
44*9
Tie rod load decreased due to flexibility®
Rowe’s Fig 22 (a) (dense soil)
T = 14,400 x 0*65 ~ 9,400 lbf/ft* 
h e n c e  T = 4*36 t o n f /ft
n  /<
Worked Example No 4- by Rowe's Sheet Pile Walls at 
Failure - Optimum proportions Fig H 6*
For loose sand Rowe gives 95 lb/ft^
k a 0*266
Allowing for superload by increased height of wall
40 fr ( 448 ty- 95 ) “ 40 fr 4*73. 3 44*72 
O© 73X1 - 44*72
(the penetration is selected to give ex = o©73 )
hence H - 6x*3 ft
D = 16 . 6 ft
H2 - 3 7 5 0 h3 = 2 3 0 ,0 3 0
The depth of tie rod would be adjusted to give
/ ?  -  0 . 2
Referring to Fig,G7 Rowe's Fig IQ 
Ife s
2* =k xx
Tres 3 0*17 x 0*266 x 95 x 3,750 ~I.6oa>lbf/ft
= 7-3E5 tonf/ft 
T a 1*25 X 16,000 3 20,OOOlbf/ft*
T a 8 .95 tonf/ft.
“fes
k it3 =. 0*033
3 0.033 x 0*266 x 95 x 230,000 3 191,000
08 = 1,020 tonf.in/ft.
3 0*3 x 191,000 a 57400 Ibf/ft/ft 
a 306 tonf*in/ft*
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By Ts chebotar1off6 a method
W ork ed  E xam ple I o  4
s e e  F ig  H I  H 33
see 'Soil Mechanics Foundations and Earth Structures’
P 5o6
ka
jf/
tZ5xt.x&rr**
S ' H
0 .3 3 f ///
f is effect of v#all friction 
a = depth to anchor level ~ 8 ft
H = 40 ft 
S '"  = 0 ,9
t  '  =» 3 . 5
hence ka
Q«2P„
3* Jo
k a 0*3 x 0 *943
0 3
0 .-2 8 3
Moments about tie rod level
1 ,0 8 0  
1 5 > 0 0 0  
2 4 ,5 0 0
127  x 17  x Oo5o = 2 3160  x 0 3 0  ®
i  533 x 17 x 3 3 3  = 4?5io x 3*33 ®
777  x 3 x 10*50  ®  2 ,3 3 1  x  1 0 * 5 o  ®
8 9 5  x  2 0  x  2 2 * 0 0  a  1 7 , 9 0 0  X  2 .2 o 0 0  ® 3 9 2 , 0 0 0
4  3 4 2  x  2 0  x  2 5 . 3 3  =  - 3 . 4 2 0  x  2 5 . 3 3  =  ' 8 7 , 0 0 0
sum active pressure 3o?32o _  _
sum active moments ' ?I9
Reaction at dredge level 5x9%580  
3 2
Tie rod load = 30§300 = 16,300'
1 6 , 3 0 0
14,000 lbf/ft.
For level of zero shear forces
try 2 5 3  below top of wall, y 2  -  2 5 3
t  = 2 , 1 6 0  + 4 5 1 0  + 2 , 3 3 1  + ( 8 9 5  x  5 * 5  )
£  x 1 7 oO x 5 3
® 9,000 + 4 ,9 0 0  + 2 5 7  ® 1 4 ,160 , (satisfactory)
maximum, bending moment =* 1 4 , 0 0 0  x l r/ 0 j O
- 2 5 7  X X 0 8 3  - 4 , 9 0 0  x 2 * 7 5  - 2 , 3 3 1  x 7 * 0 0
-  4 , 5 X 0  X l 4 e l 7  -  2 , 1 6 0 x 1 7 * 0 0
M « 245,000 - 470 - 13300 - 16,300 - 64,000
-  3 6 , 8 0 0
M * 1149OOO Ibfoft/ft
8 6 1 0  tonf in/ft
P e n e t r a t i o n  X? = 0 *4 3  x  4 o  ® 17* 2 f t
187
4 4 8  l b / f t
Xvertical scale — q ~ in to X ft 
pressure scale I in to XjOOG lbf/ft*
Fig H 33 Worked Example No 4
Tschebotarioff6 s  method
By_the Danish Rules Method 
as defined”"by Tschebotarioff, 10,502
W orke d  Ex a m p le  No 4  F ig  H i ,  K 34
surcharge effect 3 448 3 4 ft
IIO
hence h » 4 rf 8 » 12 ft
20ft then tQ 3 0 * 3 5 x 20 3 7ft
s 4+67 ft3, *3  &o
2 x tQ 3 IO ft
I, 3 32 rf 4+67 a 36067 ft
Moments about &
IIs 8 0 0  
5,886
199 7 0 0
3 2 5 ,0 0 0  
6 7 ,0 0 0
:,032 x 4.6? x 34°33 = 4 ,8a; x ^4 . 3 3  = 1 6 5 , 0 0 0
sum active pressures 2 7 ,6 6 8 . _
sum active moments 594 teS? 7
B 3 594©38o =• 1 6 , 2 0 0  lbf/ft
” 36” . 6 ? “
3 2 7 ,6 6 8  - 1 6 , 2 0 0  3 11,467 lbf/fts
x 9 oO X 4o5o 3 2 ,6.28 X 4© 5 o
s 9 * 0 X 6 «uo 3 9 8 1 X 6 ©00
x 3 * 0 X i Q o  5 o  ~ 1 , 8 6 9 X IO* 50x2o+ 0 X 22 + 0 0 = 1 4 , 7 4 0 X 22 +00
x2Go 0 X 25*33 - 2 ,6 5u X 25. 33
X  + 7 *v/V + - - a o o X j 03
Bending moment due to Coulomb pressures at depth 
x below tie rod 3 M Q
Level of zero shear force when
A  3 2 ,6 2 8 rf 9 8 1 rf 1 ,8 6 9 rf 737(x-I2) p
0 4 1 3 . 2  ( x - 1 2 )
hence 6.6 x2 -t- 579 x -+ X3>884 = O
and x = 19+5 fb
M ~ (11,467 x 19*6) -(2,628 x l5oX) - ( 9 8 1  x 1 3 ,
- 1 , 8 6 9  x 9 +x - ( 7 3 7  x 7 * 6 x o+5 )
1  2z 
-  (6 0 6  x 7 * 6 x 3 )
M =  2 2 5 ,0 0 0  -  9 2,2 0 0  3  13 2 ,8 0 0  i b f . f t / f t
1^9
R2
4 4 8  l b / f t
Ivertical scale -jjj- in tp I ft
2
- p r e s s u r e  scale I in to 1 , 0 0 0  lbf/ft"
F ig  H 34  W ork ed  E xam ple  N o 4
D a n is h  R u le s  m e th o d
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7 T 7 7
negative bending moment at anchor level
99 x 8 x 4 * £  1 9 3 x 8 x 2*67
792 x 4 * 7 7 2 x 2*67 ® 5,238 ibf®ft/ft
M
o
792 «• 7 7 2
2
P i* m _
® i§564 lbf/ft 
1 3 2 ,8 0 0 hence p = / % ) lbf/ft
m
XL ratio of bending moments ™ jLt23B = 0 * 0 3 9 5
1 3 2 7 8 0 0
E 30 x IQ 
lbf/ft2 
40°
= Oo642
13 in  
36*6? ft
h. rvnP /  *? vn
O o 0 1 / (Ft + n F I  at __________________ *X + sin
0  «
sin $ 
a ^
L *
cT = 8tonf/in 0 
(I7,9201bf/ff“)
k
h  <T
X rf- Oo OX
o75?I x V  V.5
0 .8 9 5
q k ( 4
( 5 «■
1 0  h
L
XQ h
) x  P,m
q,
Q
ISOGo8 9 5  ( 4  +* ) x
“ ~ I 2 0
( r f  * V' 3 6 .6 7 '
4,940_ 
8 * 2 8
6 0 0 lbf/ft2
fc2
M
IT
J£L q l2 
19 2
1 3 2 sB oo  
5 8 , 6 8 o
A, fr J o
11,467 
13?031
I Oft*
I 3 2 38oo -  5*238 -  I? X  600 X  360672
2 192
- 20619 a 719500
Ibf,ft/ft 3 315 tonf in/ft*
>» °° I q LP *-*C *©»>—.'» <v>x» «*»
1 2
fr 1,564 - r i  x 600 x 36067
1 2
« 1,833 a XIs300 lbf/ft
- 5 tonf/ft*
19^
By Terzaghi 1 sjAnchored Bulkheads’ method 
see Fig H X § H  35*
taking the lowest value of G ^ recommended-by
Worked. E xam ple  No 4
Terzaghi % Gg 3 2.0 
Passive resistance intensit
P 262-34 
2 , ”  315
F o r  depth of penetration
take moments about tie rod level
Note t a trial and error method is preferred for 
solving Terzaghifs ’equation in the third degree*
(water* pressure reduces to zero at penetration D ),
Active moments about T s
9u  x  17  x  0*50
h  425 x 1 7 X 3*33
631  X  3 X  I O , 5 o
747 x 2U x 22*00
\  280 x 20 x 2 5 - 3 3
1 ,5 3 0  x Oo 5 0  
3 ,6 10  x 3*33 
1 ,8 9 3 x xo©5o 
14 q Q40 x 22 © 00 
2 5 B o g  X  2 5 - 3 3
837 z, ( 3 2  + § ') »  837 Z, ( 32 + |f )
7 z,2(  3?- + lf .2  =
3 
930 5 M  3?- *2^. ) -  
3
Total passive moments $
2 2z.
h  3 x 5 z f  ( 3 2  + r ?
3
For free earth support condition $
Z 1 . r, „  2
765
1 9 0 0 0
19800
329000
7 1 * 0 0 0
4 3 2 , 5 6 5
2 z
4 3 2 ,5 6 5  *  8 3 7  z ,  ( 3 2  fr  5  )  fr  7  K  (  3 2  ±  y  )
-  - — a % _ 2 /
*  93-5 z , ( 32 + 3 ) « 157 *5 z f (  32 fr
first trial zs 3 12*6 ft
8 3 7 x 120 6 x 3 8 *3
7 x 159 ^ 40*4
9 3 © 5 x 12*6 x 3 6*2
1 5 7 -5  X 159  x  4 0 * 4
4 3 2 * 5 6 5
4 0 0 ,0 0 0
4 4 ,8 0 042 5500
—
I ;  0 X 0 ,0 0 0  5 t o o  b lg o
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It '' ’■»>
40
ft
8
2 0
-ver r7CV"\-77'.
D 3  1 1 * 9
8 3  S
1,4-4 6
4 4 8  l b / f t 2
T
^ — IIO lb/f te (minimum) 
- I2J lb/ft8 (assumed)
2,575
2 , 1 3 5  i& 7
6 5 lb/ft 0 ( m ininium) 
70 lb/fta (assumed)
4 t 8 > 5 IS 7
5,020 0
p  =
f l  = 
<£ -•
• 70 lb/fir 
= 3 8 °
2 5 ° water pressure reduces to zero at 
calculated penetration depth
1vertical scale jg in to I ft
pressure scale I in to 1 , O W  lbf/ft, 2
F ig  H 3 5  W ork ed  E xam ple No 4©
T e r z a g h i 's  A n c h o r e d  B u lk h e a d s  m eth o d ,
m
s e c o n d  t r i a l ,  t a k e  a f = I X ®9 f t
39,300
* 3 2 ,5 6 5
376 ,0 0 08 3 7 x 1 1 . 9  x 37*95 
7 x 141 x 3 9 * 9 3  
9 3 3  x II.9 x 35.97 4 u « o o ototal active moments
Xbfoft/ft
passive moments 
1 5 7 3  x 141 x 39*93 8 8 5 ,0 0 0
this achieves a balance
Renetration D = II.9 ft.
Sum active load Pa
Passive load «■ V P
8 157o5 X 141
Anchor load /f't= T lbf/ft
Rote Terzaghi recommends thaththe anchor pull 
for free earth support shall be used in design* 
See’Anchored Bulkheads1, P 262-3*
Level of zero shear force is given by?
14,573 = 1,530 + 3,6x0 + 1,893 -I- 747X rt 7 x2
where in this case x is the distance below 
low water to the required level
734-0 - 747 x - 7 x2 ® O
from which x =■ 9 * 3 ft y? 3 29 3 - ft
Maximum,free earth support moments
( 1,693 x  10.8 ) -  ( 6,900 x  4o65)( 6 0 0 x 3 *1 0 )
M,miax 1 5 9 ,CXX) Ibfoft/ft
8 5u tonf* in/ft
195
Length of sheet piles 3 H 3 ( 40 rf II09 )•
= 5i© 9 ft
Flexibility number of sheet piles
4 in
(Frodingham) 3 44+9 x 6+5 = 2 9 1  
(Frodingham) 3 58+9 x6 © 12 s. 3 6 0
3 2 , 6 8 0  x 2X6 8 0_ 3 0+00083
30  x  9 1
2 ,6 8o X 2 068O s 0*000662 
3 0 x XQ&lc '3 6 0
log p  = 4 + 9 1 9 0 , -3®u8lO , Frod 4N
4 0 8210 , -3 * 1790 , Frod 5
In dense sand,see ’Anchored Bulkheads % Fig 1 3  
P©126l , or Fig G 5 6 , or Chart 12 s
Moment reduction in Frod© 4H
M (design moment) 3 0+46 x 85u 3 390 tonf®in/ft
stress in Frod© 4N 3 390rf44®9 ~ 8®7 tonf/in2
Moment reduction in Frod© 5
M (design moment) 3 0©5i x 8 5 0 3 43 3 ton fin/ft
stress in Frod© 5 - 4 33 rf 58 + 9 - 7*4 tonf/in2
X for section 4N 
1 for section 5
for Frod® 4N _
Frod 5 =
W orked  E xam p le  Ho 4
By the Area Moments Method Case 2
Refer'to Fig H II, M 36*
sum of net active pressures on the/wall
FA 3 25*400 lbf/ft<
I) Fig G  1 1  ' a ~ ----------
For level of zero shear force as a cantilever
522 y 2 P£a
X - distance of X
t )
section
force
25,400 hence y2 - 97-5
yf - 9*9 ft.
- X below dredged level
» iXoB ft,
I, about moment
X X M a
1,568 X 47«>8a ~ 7 5,ooo ***4 o 0 0
i ,56o X 41.*55 ^ 6 5 ,0 0 0 2*25
2., 0 5 0 X 37 c*05 ® 7 6 ,0 0 0 6,75
1,869 X 33<>3o 6 2 , 3 0 0 1 0 * 5o3,85c X 29.>30 *•1 1 3 , 0 0 0 14 ©5o4,i5o X 24,,3 0 .* 1 0 1 , 0 0 0 19*504,50) X I9<>30 87,000 24© 50
4,850 X 14«*30 «  6 9 ,5 0 0 29*50
9 5 0 X II.,2 0 * .to, 6 0 0 32*63
sum MXwX X "j 659,4oo
x.
27*87 
29*9 5  
31*45 
3 2 * 7 0  
34*03 
3 3 .7o  
37-37 
39-03 40* IO
J- M L
I  ?7 9 u? 0 0 0  
I ?3 5o?ooo 
1 ,4 X 0 ,0 0 0
1 . 0 4 0 .0 0 0  
1 ,6 6  q ,o o o
1 .2 2 0 .0 0 0  
835,000 
49 8  5 000
59»ooo
sum area moments sum i t M L x
a 49,800,000 fr 40,400,000 fr’ 44,400,000 fr 34,000,000
56, 500,000 fr- 43 , 500,000 fr 31 , 200,000 +  19 , 400/000
fr 2 ,3 6 0 5OOO
sum active area momenta 3 321,560§OOO
net passive resistance at X * X  , 9 . 9  x 522 ~ 5  $ . 1 7 0
lbf/ft ^
moment of net passive thrust about X -» X 
£  5/170 x 9-9 x- ^3^ s 2 5 ,5 0 0 x 3© 3 35 84,500 Ibf © f t/f
net moment about X - X 3 659?4oO - 84,500
573*000 Ibf».ft/ft *
4 4 8  l ' b / f t 2
vertical scale 1 0 in to I ft 
pressure se$Xe I in to I,ooo lbf/ft2
F ig  M 36 W ork ed  E x a m p le  No 4
A r e a  m om ents m e th o d .
3)Net moments of areas of bending moment diagrams 
about T I
33is56o,ooo - 25 2y ( 9„9& + 33-9 - ) 8 4 , 5 0 0
5
321. 560.000 -  2.47 ( 43. 8 0 -  1.98 ) 84,500
32X?560?0XA) - 2*47 x 4IQ82 x 84,500
3219560.000 -  8g7o q ,g o o  ® 312, 860,000 = M A
4) Tie rod load
3 M Ai
 ^ h *t* X ** 0^ ) ^
-v T ® ‘3 x 3 12*860,000
4 3 .8s
T = IX, 200 lbf/ft ® 5*0 tonf/ft*
5) Actual bending moment at X « X
575?000 - 11,200 x 43*8 
= 575?000 - 490,000 = 85,000 lbf0ft/ft*
6) yf = ( 85,0 0 0x 2) +  5,X7o = 33„ y2 * 5.75ft.D - 17.5 ft
7 ) level of zero shear force is greater than
25 ft below the top pf wall, try h 2  » 25®4ft®
1,568 + 1 ,560 + 2,o5o + 1 ?869 + 3?85o + 0<>4 x 802 
® 10,897 + 32U
8 )  * = 11 ,2 17 this is satisfactory®
maximum bending moments
115200 x 17®4 -(320 x 0,2) - (3?850 x 2*9)
- (1 , 8 6 9  x 6 *9 ) - (2so5o x iOo65) ~(l?56o x Ij.lj)
-(1,568 x 21*4)
195?COO - 64 - 11,200 - 12,900 - 21,900 - 23?6oo33?5oo
= 195>coo - 148,100 ® 92,000 Xbf.ft/ft®
M = 490 tonf . in/ft.
Design stress in Frodingham section 5 9
= 49u 58o9 = 8*4 tonf/in
Increase superload9 x I»5 = 6 7 /? lb/ft2
Overdredge 10 %  retained height » 4ft
Increase soil pressures IG^ ~
Reduce soil resistances X5 %
Coefficients of active pressure %
0+22 x 1 . 1  = Oo 242 9 when 0  » 40°
Coefficient of passive resistance s
8 . 9  x 0 .8 5 .= 7 . 5 7  Kptffe 45 3
net value = 453 - 14 3 439
Depth to 'cross-over* » a » 1,20©-f 439 ~ 2° 74 ft.
Moments about tie rod level 
Active
16 3 x 17 x o+5o 3 2 , 7 7 0  x 0 .5 0  ~ 1 , 3 8 5
£  4 5 5 X  1 7 X  3 *33 = 3 , 8 5 0  x 3 + 33 = 12,800
735 x 3 x 1 0 ©5o •“ 2 ,2 0 5 x lo©5o ~ 2 3 ,2 0 0
8 5 2 x 24 X 24 ©00 3 20,400 x 24+0 3 490,000
j r  348 x 24 x 2:8® 00 3 4,l8o x 28 + 0 3 II79000
i f  1,200 X 2+74 X  36 + 91 ~ 1,640 x  36®9I 3  6 0 , 5 0 0
sum active pressure
sum active moments =704j900
Passive moments s
k  439 b2 ( 3 8 .7 4 +
3
. = 2 1 9 . 5  bS ( 3 8 .7 4 y  )
for the equivalent of free earth support at the toe
(under these extreme conditions) -
solution when b = 8+5 £b
2X9 + 5 x 72o?5 x 4404X = 70£>,OCO
Tie rod load T 3 35,o5o - 15 ,8 0 0 « 19,300 lbf/ft©
1 55 8<,65 tonf/ft
Penetration = 60/4 rf 8®5 a 15*24 ft
( including 4 ft overdredge)
W ork ed  E xa m p le  No 4- F ig  H X , H 37©
t h e  C o l l a p s e Me t h o d  (C )
672 lb / f t
3 = 60 lb/ft 
3 40®
£  = s o  , 
pp« 7.57* z,
bending moments 
(not to scale) horizontal
pressures
I in to 1 ,0 0 0 lbf/ft"
vertical scale r: ™  in to 1 ft,
F i g  H 37 W ork ed  E xam ple No 4
C o l l a p s e  m e th o d  ( C ) ©
20  1
H  tZ l
Tie .rod load T = 19? 300 lbf/ft
For level of zero shear force t
T = (2,770 + 3,850 rt 2,205 ) + 852 y •+ 4,14.5 y2
(where in this case y is the dimension from water* level - 
to required level of zero shear force)
First trial, y =* II.O ft below water level
8 ?825 + 9 / 3 7 2 + 8 75 » 1 9 , 0 7 2  (too small)
Second trial?y = XI*2 ft below water level
8 s825 4* 9 , 3 7 2  + 9 x0 ® I9?285 (satisfactory)
hence maximum bending moment occurs. 3 1 *2 ft below 
top of wall*
Maximum bending moment
M =* (19?3oo x 2 3*2) - 9 1 0 x 3*73 - ( 9,550 x 53o)
- 2,20? x 12,70 -(3,85o x 1 9 *8 7) - ( 2 / 7 7 o  x22.8)
M » 446,000 - J?390 - 53300 - 28,050 - 7 6 5 6 0 0
— 6 3 ? OCX)
=s 446,000 - 224,000 = 222,000 lbf.ft/ft.
M_____ jg _ It, 1 9 0 , tonf In/ft
Elastic modulus fox1 Frodingham 5 3 58*9 in*'/ft
1,190
stress based on this = 58*9 ~ 2 0 .2 tonf/in*
Plastic modulus ( 3 ) «j
Assume that piling has the same ratio ® as
a rolled steel joist, ie I.I5 approx*
Then for Frodingham 5? S - 1115 x 58*9 ;s 6 7  ® 9. in^/ft.
stress = I* X90 » 17 * 5 tonf/in2.
' 6 7 / 9
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STEEL COST GaMHISOIT 
In tr oclu c t 'Ion.
In choosing a design method there are two factors to be 
considered regarding costss
1) Is an effective end inexpensive wall produced 
from the method - INSTALLATION COSTS
2) Is the period of design office time efficient*
- DESIGN COSTS
of these two considerations I) is by far the most 
important*
Any n m  d e s i g n  approach which involves greater costs 
when judged by I),and to a far lesser extent,when 
judged by 2)?:1b not to bs recommended for general use, 
for the following reasons®
The criteria for comparison are what might be termed 
the ^classicaX^mwthods of designs
Free Earth Support and
Fixed Earth Support (by Deflection Lin©)*
These have stood the test of time and failures are 
rare among walls which have been designed by these 
methods ©
The purposes' of this coat comparison are
a) to decide which is the cheaper of the two
classleal methods
b) to compare other methods with them for the 
four worked examples of the text*
c) to draw conclusions and ra&ket recommendations 
regarding design which will assist economy
without loss of safety*
. h h  . r / ZO 4
It is possible- to draw graphs of the weights of steel 
in the main parts of the structure,which would result from 
the application of each design method® The main parts of the 
structure are as followss
approx* %  of total cost
Supply steel sheet piling )
Handle,pitch and drive it ) cost ( A  ) 90 ° fo
steel walings at tie rod
leva! cost ( B ) 3#
steal, tie rods cost ( C ) 7 %
Although B and C are small it may be necessary to 
include them because variations affect the differential In­
costs between methods®
A most useful graph is shown at Fig J I ® This is 
obtained toy plotting the weight of sheet pile sections in 
lb/ft against the appropriate moment of resistance and 
section modulus/ft., for commercially available steel 
sheet piles, in the Lars sen and. Frodingham ranges of 
section®
The second graph,Fig J 2, is obtained from the B.S.JP. 
Pocket Book data on the sizes of--waling® and diameters off 
tie rode recommended for different waling loads®
Prom these graphs it is possible to abstract the 
weights appropriate to the values of bending moment M, 
waling load/ft and length of pile tt, resulting from, aach 
method o f  design®
Cost comparison sheets for the four walls comprising the 
"worked examples'", are included*The economic advantages 
resulting from the adoption of any method are thus made 
apparent® See Fig. J 4-. , J 5 • * J"6 , J?® -The cost comparison sheets are based on the prices- 
of steel obtaining in Spring 1970*
An estimate of the design time involved in each method 
is also made.'Tables «$'- 4 and J # -- “q ■ ■-
To show the build up of total, cost for m i ©  of the examples 
and methods refer to Fig® J 3®
p i s c u s s io n
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Specim en C o st in g  Sheet©
The following quantities in I bay of XGft 6in
Worked. Example No 3* 2G ft. high wall©
Free Earth support Method* S.F ~ 2  against toe
failure©
Item© description quantity unit rate £©
A q Supply a n d  deliver 
steel sheet piling 
weighing 27 lb/ft2
length 3 1 ft* 3*93 ton £ 5 5  2 16
Handle,pitch and 
drive steel sheet
piling,as above 3 - 9 3 ton £ 2 7 11;6
B© Supply and install
2 No rolled steel
channel walings 4©4Q c0w ot© £ 5  S2
Pk Supply and install
 in© dla*
mild steel tie rods
38 ft long 5 T o  Cov/ot© £ 5  28
Total £ 372
F ig  0 J  3 °
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COST C CM.PAHI S CH SUMMARY
Wall
cheapest 
method *
second third fourth
I Rowe/
fall
Tscheb* ' Equiv© 
Beam 
Approx
Rowe
Flexibility ©
2 Danish
Rules
Rowe/
fail
Tscheb © Rowe
Flexibility
3 DanishRules Tscheb© Rowe/fail EquiVoBeam
4 Danish
Rules
Rowe/
fail
Rowe
F la x/ y
Terzaghi 
Anchc Bulk©
Hot® This comparison is basead on cost of steel only® 
Th© method may distribute the steel badly / 
for example? shorter steel, piles giving a l o w e x  
safety factor against toe failure than the 
classical methods© see conclusions®
Table J X © Order of costs©
Wall freeEarth
Fixed
Barth
£
saving
c f
saving
I 1,124 1,047 7? 7
2 1 , 1 9 3 1,143 50 4
3 372 349 23 6
4 1,424 1 , 2 9 6 12 8 9
Table \<J 2o Fixed Earth versus Free E$rth savings 
( based on deflection line method)©
see over®
/a&J J  ' ° ^13
COST CCMPABISCM SUMMARY Continued®
steel costs / IG ft. 6in of wall, (3*2 metre.)
Wall defn Rowe £ %line flexible® saving saving
1
loose soil
x 9 m ? 1 , 0 1 8 29 3
2
dense,w±th
I? 143 
water
8?4 289 25
3loose ?with 
soil
349water
417 more expensive 
( 2 0 %  )
4 ” 1 , 2 9 6 I? 020 276 2 1
dense
s o11jwith water
Rote la loose soil with ground water present, both 
methods give similar penetrations and there is no 
flexibility advantage ( wall R'o 3)
Table J 3 Rowe’s Flexibility method
savings compared to Reflection Line
averageW o r k e d _______ Design time in hours______________
Example Wall I 2 3 4 h rs
Free Earth support 1 1 A I
deflection line 5 . 6 5 5
Equiv  • beam appr ox 0 h t 4 h t
Rowe Flexibility 3 3 i 3 3 3
Rowe1 s , "at Failure7* 
(optimum) i
h h & i
Tschebotarioff 1 I 1 1
Danish Rules 2^ 2 2 24
Terzaghi s i 24 2i 2|-
Area Moments i  ■ 2 Z 2 2
Collapse i i i % t I
Table 3' 4 Estimated Design Time see ovei
DESIGN TIME SUMMARY.
Method
Cheapest First ( shortest in time) hours
®  I Howe's Walls at Failure Optimum
from charts £
2  Equivalent beam Approximate -f-
3 Free Earth Support I
Ts che bo tar :L off I
Collapse Method I
4 Area Moments 2
5 ’Danish...Eules L  f l .  ,i. -.ph: 2 i <
6 Terzaghi*s Anchored Bulkheads 2 £
7 Howe4 b Flexibility 3
8 Deflection Line 5
Table J* 5 Oder of design time
ROMS This approach uses charts , any of t|se 
other methods using charts is'" just as 
short©

1CCMPOTER ANALYSIS..
Introduction0
The advantages of a computer analysis of the stability 
of anchored sheet pile walls are as follows:
1) once a programme for any particular method has 
been completed the solution of a particular 
wall can be ob t a i ne d w  ith out error or need of 
checking,simply by changing the data©
2) the data can be varied to permit a 'wide range of 
problems to be investigated and solved® Thus 
design charts can be made available to the 
designer without tedious repetitive calculation 
being necessary*to establish them in the first place *
. If all types of soil, including stratified soil 
are to be included the problem assumes vast proportions®
It is therefore necessary to reduce the number of 
variables by, for example*
designing for loose granular* soil 
and dense granular soil®
Ground water presents a. problem and if allowance is 
made for this the number of variables is about ten®
It is easier to obtain a solution for free earth 
support conditions than for fixed earth support 
because the latter involves the solution of an 
in-determinate structure. Conversely the solution of 
the ’free earth support method*would not be so useful 
as that of a more sophisticated method©
The decision was taken to write a programme for Rowe’s 
Flexibility Method and produce design charts based on 
this method© The reasons are set out ehsewhere in this 
text©
( Thanks are due to the staff of the department of 
Cybernetics at Twickenham College of Technology, 
for the use of their computer,patience and 
understanding?during a vary busy tarmj*
/ < /
Rowe’s Flexibility Method is not a simple method to use, 
there are a number*of complicating features,such as;
a) existence of a toe shear force f„O
b) ! 0 varies with penetration and weight of 
. a sheeting selected®
c) As defined by Rowe, the method is semi graphical; 
the intersection of structural and operating 
curves is found by plotting®
cl) the design bending moment and tie rod load depend 
on the flexibility of the pile section selected©
Disc u ssio n ®  C h a r ts  R I  t o  R 5 and R 9 bo R II®
In the analysis of’any method-, / the solution for 
maximum bending moment depends on knowing the level 
at which it occurs©, ie the level of zero shear force® 
This may be above or below the water table,depending 
on how/ near this is to the dredge level© As the main 
programme was rather long,the condition where zero 
shear force occurred above the water table was left 
until all errors on the main tape had been cleared©
A second tape was inserted,at an interruption in the 
main tape, to detect whether the maximum bending 
morn ent occurred above or below the water table and 
then to solve for it in either eventuality© After 
clearing all errors the ’insert tape’ became part of 
the main tape©
This computer analysis was based on the net 
pressure diagrams of which Chart R 1 is typical®
The attached flow chart shows how the computer 
programme was developed® The analysis was made step by 
step?with a check print out at the end of each stage© 
This enabled a manual check to be made by calculation 
on any trial data fed into each stage© This explains 
the frequent PRINT instructions on the flow chart,how 
errors were systematically located and eventually 
eliminated©A description of Rowe's method is included in 
Section ,G©
The computer results gave the required values of 
pile penetration D, tie rod load per unit length of 
wall Tfes &nd maximum bending moment in the piling MfeSt
R e fe r  to  th e  above charts®
K  /
S I B
Rowe’s Flexibility Method 
Flow Chart
Refer to Earth Pressure Diagram, Chart R X© 
Data
READ:-
soil submerged density_________ Jf7
soil bulk density_______________ 37.
density of water_______________. p
active pressure coefficient ” 0 )
passive resistance coefficient— K_.(Coulomb value
p ( 6 = 0 )he ight of soil re tained h
equivalent height of super!oad__h
depth to water level  s e
depth to tie rod______
tangent of wall friction angle  tan £
weight of piling per unit area  ws
1 )
Determine K ,cl '
(Kp - ra), etc*
and find *a’ 
the depth to 
’cross-over’
PRINT a
    «j  ,
adj ust 
variable b
--------------------“ "<£5™----------
Assume b, Determine total passive resistance P
P
Determine Toe shear force T c , in terms of P ^ 9 . 
Pp and b o  ° a '
Determine moment 
lev91, for assumed
of pp about tie rod 
value of b.
Determine moment of T about tie rod.s
level,for aswumed value of b©
to 2)
teasel
2Z\
u  r  N  v>
V
Yes
v
Insert this tape 
if maximum 
bending moment 
occurs above ground 
water level
f
Determine
down to level of a
Ho
4-)
r
s ~ S - Oo 2  
calculate i
Y 7  - c  P 9 |~
j PRINT, l
A .
\ \ ty\ tyty/
Yes
adjust variable s
-g 3 5 » —
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k J L
\
D
3)
Ho A . \
to 4)
^  I t  
T^Y.
\
N.'
7 /  
a
f
I Yes
>
Determine .i?a 
down to level/ of z
calculate maximum 
bending moment 
M 1*7
n
Yes
calculate maximum
bending moment
Moment of T - m o m e n t .of Tg
about level of z
| PRINT M t*7 1 
1 1 7 !
PRINT M ~fes
T
5)
of insert tape
PRDST H
end of programme ©
! '
f- .
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(charts -19 to 24 inclusive, in section r ),
The computer used to solve these designs was the 
Elliot 4IOQ at Kingston Polytechnic ^ Kingston - upon - 
Thame s , Surrey,
Use was made of the computer's graph plotting equipment 
to obviate the need for manual plotting of the graphs.
Programming was carried out using the ALGOL system, 
the programme being based on Fig. R 9 and the equations 
listed in section G  of this text*
(Thanks are due to the members of the computer staff 
for their assistance)*
T h e  F r e e  E a r t h  S a p p o r t  M e t h o d ,  b y  c o m p u t e r  .
z z - 4 .
Considerable research on anchored sheet pile walls has 
been made in this country? the tr+S«A and' on the Continent 
but very little full scale testing or model testing has 
been carried out on anchorages*
The adequacy of an anchorage system is vital to any 
wall®Statistics are believed to show t h a t 5although wall 
failures are quite rare,when they do occur,toe failure of 
the piling,(due to inadequate penetration),or failure of 
the anchorages5are two main causes©
Anchorage systems depend on the net passive resistance 
developed in front of the anchorage due to the tie rod 
pull (f ),transmitted from the walings on the main wall© 
sea Fig B 7? J 8©
Anchorages usually take one of the following forms;
(a) mass concrete blocks©
(b) sheet pile equivalent
(c) cantilever sheet piles see Fig 1  I®
The model tests which are the subject of this study 
were. Intended to produce results applicable to types
(a) and (b) only©
Current methods of design of an anchorage system depend 
on knowing the density and .shear parameters of the soil 
in which the anchorage is located and then applying earth 
pressure theory to determine the net ultimate resistance 
(gross passive, resoatance — active pressure), which ivS 
likely to be developed in the soil in front of it.
This is then divided by a safety factor to arrive at a 
^safe" resistance© The British Steel Filing Co©Ltd.©
Handbook, 8 ,lists safe resistances designed on this method 
but all the data on which the calculations were made is not 
given© e g ® , whether the net passive resistance of the soil 
above the block was included, or what value of wall friction 
angle ( S  ) was used© Thirdly ,how allowance was made- for 
the weight of the blocks,in this case©
The ideal approach to the practical solution of 
anchorage analysis would be to make full scale tests©These 
would be subject to the same difficulties as full scale 
tests on walls© Model tests afford a practical alternative 
to analytical methods of design for anchorages but with 
the following proviso;
S e c t i o n  h  .
M o d e l  A n c h o r a g e  T e s t s
I n t r o d n c t 1 o n  ©
1 1
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Unless test results can be Identified with the soil 
properties contributing to shear strength,the results 
are meaningless© It was therefore necessary to 
determine values of bulk density, ( df ) and angle of 
internal friction ( C j h ) ? for the test soil©
7r/to77rto'77TTCr/'
T
a) concrete block b)
sheet pile 
equivalent 
(light anchor)
T
c) cantilever anchorage
F i g  L  I  T y p e s  o f  a n c h o r a g e
/
To limit the variables associated with the problem
the method of approach in the model tests was controlled
by the following principles §
1) Determine the dimensions of anchor and test bin 
best suited t o  the loading capacity available in the 
laboratory0
2) To use a  dry granular soil of known, grading 
characteristics in the test biru ( test soil)*
3) Determine the bulk density of the test soil
4} Confirm its moisture content is at a minimum and 
un~ varying*
5) Measure the angle of internal friction (by shear box) 
for this test soil and the strains at which, failure - . 
takes place*
6) To test British Standard sand from Leighton Buzzard 
in the loose state,in the same shear box,as a check 
on the apparatus*
7) test the model anchor to find out the loads at which 
failure occurs,the associated movements and strains , 
the effects of ‘“loose'1-’ and '"dense" soils and , 
different block densities of type (a), for anchors
in granular soil.
8) Recommend anchorage dimensions for anchors in 
granular soil/to satisfy given tie rod loads*
Regarding the test bin,this had to be no larger than 
could be conveniently emptied and recharged with, soil by 
two opex^ators?between testa,bearing in mind that with 
'■‘“dense1" soil the material is compacted in layers by an 
electric '“poker" vibrator*
With reference to the weights producing failure 
loads,the practical limit for hand loading and unloading 
in IO or 20 lb increments,is about 3oG lb* 
see plate L 3
Using the results of these model tests it is 
possible to check the analytical methods of design by 
an entirely different approach and at the same time 
measure,and if necessary control/the parameters on 
which the analytical methods are based*
2 2 7
As a result of these testa experimental evidence i s  now 
available on the effect of the level of tie rod in block 
anchorages,the profile of the soil at failure, the width 
of soil brought into effect in front of the anchor and 
the visual warnings to he expected from the appearance of 
the ground ( on site),prior to anchorage failure®
No previous data on these factors is known (by the 
author) to existo
There is scope for further work on the same lines 
concerning s
different soils,presence of ground water,sheet pile 
cant lie ve r an ehorage s , typ e ( c ) 0
NOTES*
The main purpose of these tests was to measure th® 
failure resistance of model anchorages in a soil of 
known properties and from the results
(a) predict safe loads on full scale anchorages
(b) check analytical calculations based on 
soil propertios
(c) cheek BoS.P. Pocket Book (ref 8) 
recommendations which are based on 
soil properties also®
z z g
A) SOU, PROPERTIES
i) grading curve for soil
ii) bulk density loose 
ill) bulk, density dense
and et those same densities; 
iv) angle of internal friction (loose)
v) angle of internal friction (dense) shear
)
vi) stress/strain relationship (loose) box
vii) stress/strain relationship (dense)
(load/de fie c ti on)
Model Tests
B) L'OAD/DEFLECTION TESTS (loose soil)
i) repeatability and rate of loading tests
ii) cable stretch correction determination tests©
iii) concrete block at "standard* depth 
iv) effect of weight of block?ordinary concrete9
TLightag" concrete and wooden blocks© see Flats L  X 
v) Effect of tie rod position in block,, 
vi) effect of depth of block below soil surface® 
vii) profile of soil surface at failure©
M o d e l  A n c h o r a g e  T e s t s
L i s t  o f  T e s t s
C) LOA'D/DEFLECTICH TESTS (dense soil)
i) cable stretch correction determination tests©
‘ ii) concrete block at “’standard" depth,
iii) wooden block® 
iv) profile of soil surface at failure,
Analytical work
B) CALCUXATICHS,
i) anticipated ultimate loads and working loads on 
full scale block anchorage s-conventional methods 
loose soil,including factors to allow for 
variations in width of resistance,wall friction 
safety factor6,submerged density?changes in internal 
friction angle and bulk density,
ii) comparison of calculated values with values 
recommended in B,S«P Pocket Book©
iii) to predict suitable size of test bin©
iv) effect of block weight on wall friction©
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D i s c u s s i o n .
Test Blocks
After an initial study of the probable resistance loads, and the 
available apparatus for testing, the model anchorage block dimensions 
were fixed at 6 in x 6 in x 3 in* A further essential was that the 
block should have a hole in its centre since the method of testing had 
been decided, and the only way of pulling an anchorage through the 
test material would be by passing the tie rod through the block and 
fixing it. at the back* ,se4 Plate L 2
At the time of calculating resistance loads, it was noted that 
the net passive resistance formed a trapezium shaped wedge in front 
of the block, and it was considered important that, as another test, 
the block should be pulled through the sand with the tie rod passing 
through the centre of gravity of this wedge of net passive resistance*
ci
As a result the test block was cast, in concrete, in a 6 in cube 
mould* A plywood top limited the block to 3 in deep, and two small 
bore copper tubes, one at the centre of area of the block, and the 
other at the centre of area of the resistance wedge, formed the holes 
to pass the wire cable through* Two additional blocks were made, one 
in light weight concrete and one in wood, for proposed tests on different 
weight blocks*
see X,i 4 als o
C. o f  G . OF b L O C K
C= Op Area.  OJ' PASSIVE 
"RESISTANCE W E DG E
Fig* Ii 2 Model block..
Construction of Apparatus
A 2 ft x 2 ft x 3 it steel tank was used as a container for the 
test material* As only small blocks were being tested, the tie rod 
only needed to be small itself, and it was decided to use a thin 
Bov/den cable* A hole was drilled in the front of the tank through 
which the cable was passed, and a 11 d exion" frame with a pulley wheel 
was constructed and bolted onto the tank. One end of the cable tie 
rod was passed through the block and fixed at the back* A small 
prestres.sing anchorage barrel and wedges proved to be a convenient 
fixing. The other end was passed through the hole at the front of the 
tank, over the pulley wheel and attached to a load hanger.
The extensions under loading were measured with a travelling 
microscope sighted onto a mark on the load hanger.
2 3 0
Fig L / 3  Test bin and apparatus© 
Method of Testing ' see Plate h  3 also
A standard method of testing had to be decided irpon in order that 
tests could be compared on a set number of variables© Bearing this 
in mind, for each test, the required amount of sand was completely 
removed from the tank, the block positioned, by measurement at the 
required depth, the sand replaced loosely and carefully levelled off.
The load was increased, in 1 0 .1 b increments, without removing any 
weights, at a standard time interval of 1 minute between increments©
Calculations based on a value of 0  = 35° indicated that the line 
of action of the passive resistance could pass through the front wall 
of the tank© The .tank however was 2 ft long, and for all depths of 
bj.ock except the 8 ©3 M one this requirement in testing caused no trouble©
2.
.c« 6 + h = tan 28*3° 
x
6 ±  h = 0*543 
x
a o X  — 6 + ll
oTyTJ
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As previously mentioned, a Bowden cable was used as the tie rod 
during testing, and being of a fairly small diameter, the extension 
of this cable would have some effect on the overall result of the 
recorded movement of the block. It was necessary therefore to obtain 
load/extension values for the cable and deduct these from the block 
movements*
Another hole was drilled at the back of the tank, the cable passed 
through both holes with one end passing over the pulley wheel to the 
load hanger, and the other end fixed at the back of the tank in exactly 
the same manner as it was fixed at the back of the block* The load 
hanger was then loaded in 10 lb increments at intervals of 'i minute 
as in'normal testing to obtain the load/extension values for the cable 
in a test resembling, as closely as possible, actual conditions under 
t e st.
Calculation of Results
It was decided to present all the results of the tests in imperial 
units, and as the travelling microscope had given values of extensions 
in cmse, a conversion of each reading together with a deduction of the 
cable extension at each load was necessary.
C a b le  S t r e t c h
DRY SIEVING ANALYSIS 
Weight of sample =’ 2024 gms»
S e c t i o n  L
T e s t  A  - I )
SIEVE
NO.
WEIGHT 
RETAINED 
( gm)
WEIGHT
PASSING
(gm)
%
PASSING !i
i" 0 2024*0
T
10 0
3/ 1 6 " 97 0 5 1926*3 93 s
No© 7 293*0 1 6 3 1 * 3 80*3
No* 10 1 2 2 * 0 1309<>3
000ct
No© 14 55*5 1434 7 2 * 0 i
No. 23 2 3 0 , 0 1204 •39*3
No. 36 2 3 6 , 0 968 47*8
No© 72 768 ©0 200 9*9
00r~aO 93*0 103 5*2
No. 200 63*0 42*0 2*1
PASSING No, 200 42 © 0 0 0
2024©0
T a b l e  i* I©

Section Is
Test A  ii) Bulk density, loose
Total weight of sand in bin 3 6 3 kg
vblume of bin =*• 2 ft x  2 ft x  2 «o8 - 8 0 3 2  ft^
3hence bulk density » 96 lb/ft .
3  X ? 520 kg/rrrf
Test A  iii) Bulk density, dense
Total weight of sand in bin 3  3 9 8 kg
hence bulk density » 1 0 5  lb/ft:
-  1 , 6 8 0  k g /m ?
Moisture content tests.
Three tests were carried, out at different 
times . These tests established that the moisture 
content of the test soil in the bin was at all times 
less than I
L  H
S e c t i o n  h
S h e a r  B o x D im e n s io n s
dh dependent upon 
required bulk 
density.
L 6
Soil Densities
1)
2)
3)
Test Soil (Loose) , ^ = 9 6  lbf*/ft'
dh required = 3 aim
o** Soil_volume ~ 6 x 6 x 3»18 = 114*3 cc 
**, Weight of sand required = 114*5 x 9^ = 17.7
Z ' T & T
Test Soil (Dense) ^ = 103 lbf„/ ft^
dh required = 4 mm
.** soil volume = 6 x 6 x 3 « 2 8 = 1 1 8  cc 
weight of soil required = 1 9 f
Leighton Buzzard Sand (Loose) ^ - 9 7  l b f * / f t
dh required = 3 mm
©°* soil volume = 6 x 6 x 3*>18 = 114*3 cc
* * * v/eight of soil required = 19 0 gm
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Weight of hanger 1=5 2b
B ii) G  i)
LOAD 3.b • cable stretch,in
I1OC6E IENSE
1.5 7 .  r j  * v \
11=5 ' ~ = 0 2 0
2 1  = 5 . 0 3 2  = 040
31=5 . 054- = 0 5 4
41 = 5 . 0 7 6  . 0 6 8
5x=5 . 0 9 2  = 0 8 3
6 1 = 5  ':=io& .0 9B
71=5 0 , 1 2 0  0 . 1 0 7
8x.5 »X3X =xi5
9 1 = 5  =148 = 1 2 5
X01.5 = 1 6 1  , = 1 3 5
111.5 1 1 7 0  . 1 4 3
121=5 = 1 8 6 = 1 5 1
X3I-5 = 1 9 4  . 1 5 8
I4 I.J . 2 0 5  = 1 6 5
1 5 1 = 5  = 2 2 0  = 1 7 3
1 6 1 = 5 . 2 3 0  = 1 8 0
1 7 1 = 5  - . 1 8 7
1 8 1 = 5  - = 1 9 5
1 9 1 = 5  “ . 2 0 3
2C1=5 - = 2 1 0
2 X 1 . 5  - = 2 X ?
221.5 - ’ = 2 2 5
231.5 - ' .232
241=5 » .240
251=5 - =249
261.5 not read = 2 5 8
271.5 - =2 6 7
2 8 1 = 5  - . 2 7 6
2 9 1 = 5  - . 2 8 3
3 0 1 . 5  - = 2 9 0
311=5 - =29 6
321=5
g a b l e  s t r e t c h  T e s t s   S e c t i o n  h  (  A n c h o r s )
Note Part of the so called'*cable stretch" is duo 
to the deflection of the loading bracket on 
which the pulley was mounted, 
lh® pulley was stiffened after the loose 
soil tests,hence the total "'cable stretch'41 
is less in the tests on blocks in douse soil=
L  t y 2 4 1
s e c t i o n  L
The tests are numbered in sequence with 
reference letters to identify the category of test 
under "List of Tests'1
These tests gave practice in the use of the apparatus 
and confirmed the following.
It was possible to obtain repeatability 
with the apparatus
A  suitable rate of loading was Id. lb/minute©
Tests I to 9
The first tests carried out were on the block made of 
^Ordinary concrete"*, with the soil cover over the block 
equal to 3 in?which was half the height of the block. 
The tie rod was positioned at the centre of the block©
Tests 4 to 9 , B  iii)
The results of these tests are shown in Fig L  X Q
The graphs show the load/deflection relationship 
for a block anchorage in loose test soil©
Typical results are indicated on Sheet N o  I©
corrections for cable stretch have been made before
plotting®
Wooden Block
The wooden block is* weight less* in test soil and 
affords one method of simulating a type b) anchorage 
in Fig X t lo For example ?in ordej? to develop wall 
friction?which relies on an upward component of force? 
anchorage weight is required to counter this "net 
uplift"®
A  difference in resistance was anticipated between the 
results of B iii) and B iv) tests $ based on the above 
reasoning.
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Tests 19,20 and 21 relate to the wooden block in 
loose test soil B iv)
The results of these tests are shown on Fig h  11 
and sheet F o  IO is typical of the load/deflection 
relationship* This related to test No*19 and cable 
stretch corrections were again made before plottingo 
The position of the block in the soil is as Fig L  10*
L ightweight concrete block* Tests B iv)
This block was cast in the same mould as the ordinary 
concrete block using a proprietary light a g g r e g a t e  
with the trade name wLightag**
The motive was to produce a block of a weight 
intermediate between that of the ordinary concrete 
block and that of the wooden block,, in order that a 
possible relationship with the friction angle beween 
the block and soil might be established* ( ) *
The results of these tests a r e  compared with the results of
the tests on the previous blocks on Fig I« 12*
Sheet Mo 1*3 is typical of the results obtainable with 
the Lightag block in loose soilo
The position of the blocks in the soil is shown in Fig L  10c
24  s
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TEST ISO. 
SHEET NO
« > * > * «
© 6 *» © CI
4 B i i i )
F i BLOCK TESTED .0r.di.na.r7 Concrete
to top
DATE OF TEST .2* M 1 16?
DEPTH OF BLOCK
RATE OF LOADING 10 lb/rain
3
CONDITION OF SAND . . . DENSITY . . 9.6 .lb/ f.t
POSITION OF TIE ROD Centra?,.
LOAD 
(lb of*)
VERNIER 
READING 
(crn. )
EXTENSION
(cm.)
CORRECTED 
LOAD 
(lb.f.)
CORRECTED 
EXTENSION 
(ins.)
REMARKS
j
1 0  . 1 1 . 0 2 8 0 11.344 0 .0 0 0 0
first test at 
constant rate 
loading1
2 0 1 0 . 8 7 8 0 . 1 5 0 21.344 0 .0 2 6 8
30 10.784 0.244 31*344 0.-0425
4o 10.740 0 .2 8 8 41.344 0.0378
30 1 0 .6 8 0 0.348 51.344 0.0457
6o . - '*1 0 . 6 1 2 0 e 416 6 1 .344 0.0575
?o ■1 0 . 5 1 8 0 . 5 1 0 71.344 0 . 0 8 1 1
80 10.442 0 .5 8 6 81.344 0.0992
90 10.422 0 .6 0 6 91.344 0 .0 9 0 6
0 f
first movement 
block visible
.100
\
10.272 0.756 101.344 0.1370
l
1 1 0 1 0 . 1 5 0 0 .8 9 8 111.344 0.1827
i
1 2 0 -1 0 .0 0 8 1 . 0 2 0 121.344 0.2157
_A o 9 .8 2 8 1 . 2 0 0 131.344 0.2787
140 9.634 1.394 141.344 0.3433 ■a?
1 3 0 9.338 1 . 6 7 0 j 151.344 0.4378 •
1 6 0 9 .0 2 0 2 .0 0 8 I 1 6 1 . 3 4 4
I
0 .5 6 0 6 ■ -
L 2 2 4 5
LO
AD
jiBtflrc:!d"K o. v o i  £ m t ; ini :n 6
TEST NO. . . . . ? iv } BLOCK TESTED . „ Wooden. „ o
SHEET NO. . .1? o o . *  DEPTH OF BLOCK * . 2".t0 .tqp
DATE OF TEST .9/1-70 „ e RATE OF LOADING IOV°^nrin . .
3CONDITION OF SAND . k°9s? . . DENSITY . ?6 #lb/fto
POSITION OF TIE ROD ?ellt£aI . . . .
LO
A
D
 
- 
lb
.
rduir m A  f t  u tr tia  a
SNCAE.T.J H S m X s S M R & K T l
;vi d"o o :etic:::b  to e i c x t
BXTgCPmEMEKTtr-Iffli
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TEST NO. . .. 22 „ . $  iv} BLOCK TESTED Light weight .concrete
SHEET NO. . 15 • DEPTH 03? BLOCK . . 3".
DATE OF TEST 14./.70 t „ RATE OF LOADING IP Lb/mino .
7
CONDITION OF SAND . L„°°.se. . . DENSITY. . ?6wlb/Llrf 
POSITION OF TIE ROD . Central . . .
I
LOAD 
(lb.f.)
VERNIER 
READING 
(cm.)
EXTENSION
(cm.)
CORRECTED
LOAD
(lb.f.)
CORRECTED 
EXTENSION 
(ins.)
REMARKS j
1 0 . 7 * 222 0 11.344 . 0 .0 0 0 0
i
20 7 . 1 0 2 0 . 1 2 0 21.344 0 . 0 1 5 0 . - -  :
30 6.996 0 . 2 2 6 31.344 0.0354 :
4o 6 . 9 1 0 0 . 3 1 2 41.344 0.0472 . ■i
50 . 6.798 0.424 51*344 0.0756 i
60 - *"6.732 0 .4 9 0
0
61.344 0 .0 8 6 6
70 6 . 6 2 2 0 .6 0 0 71.344 0 . 1 1 6 5 i
80 6.488 0.734 8 1 .344 0 ,1573
v *"* 1
Movement of bid 
first visible i
90 6.330 0 .8 9 2 91.344 0 .2 0 3 1: j
1 1: .1 0 0-,.* •ri*-. .6 . 1 5 0 -:1 0 O7 2,. .hv101.v 344:~. . -3.0-.2 6l 4 ' '.v , - •.?
1 1 0 5*996 1 . 2 2 6 111.344 , 0 . 3 1 1 8
1 2 0 5*738 1.484 121.344 0.3984
1 3 0 5*336 1 . 8 8 6 131.344 ■ 0.5488
140
1 5 0 •
rt ...... :
,! _
16 0
• L  25"|
2 4 7 i ;‘ «\ .
Tests 2 5 ? 2 6 &  27 enabled graphs to be drawn to 
indicate the resistance of the block under these 
circumstances. The results for each test were very 
similar but not identical© Xn order to present a 
comparison with the loads obtainable from the block 
with th® tie rod in the central position averages of 
the three tests were made and listed in Table h  2 ©
The results of individual tests are plotted on 
Fig L 13 ©In Fig the comparison referred to is 
presented©
T e s t s  B  v>©
T i©  r o d  i n  l o w e r  p o s i t i o n  i n  o r d i n a r y  c o n c r e t e  b l o c k *
Tests B vi}
The Coulomb relationship would indicate that the 
deeper an anchorage were placed in granular soil the 
greater would be the potential net resistance built up 
under anchor p u l l 9before failure®
This series of tests was designed to explore the effect 
of placing th® same block anchorage at different depths 
in th® test soil©
For a block of height aG and a soil cover of depth z f 
the follov\ring theoretical net resistance is built up
G2iK Kp “ Ka) a, rt §  gL (  Kp- Ka )
*  G 2 X (KL - K a ) ( z, + | G )
Inthe case of the model,if z, is made 5 In instead of 
3 in9the resistance obtained is//theoreticallyg
=  G K ( K  K  ) C .[» O o  j  G ) p a
- G 3 it( K -* K. ) |p a 6
ie the resistance would be expected to increase in 
Rthe ratio t  °( Refer to Calculations D 1)©
Hefer also to Fig L W  , Test block at different 
depths ©
L  2 250
&qxci£zm o.vi m n z z F  i ns
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For comparison purposes the averages of the extensions at the 
various loads were calculated for the ordinary concrete block with 
the tie rod in the two different positions. See figure Jb 14.
BLOCK TESTED: Ordinary Concrete
DEPTH OF BLOCK: 3 ins . ' 1'0 toP
CONDITION OF SAND: Loose DENSITY: 96 lb/ft5
B V
LOAD :
EXTENSIONS
TIE ROD 
CENTRAL
TIE ROD 
LOWER
11.344 0 0
21.344 0.017 0 .0 0 6 8 4
31*344 0.022 0 . 0 1 2 6
4i*344 0 .0 2 5 0 . 0 1 5 2
51.344 0.033 0 .0 2 2
6 1 .344 0.049 0.0344
71.344 0 .0 6 7 0.0488
81.344 0 .0 9 8 0.0776
91*344 0 . 1 1 3 2 0 . 1 0 5 2
101.344 0 . 1 5 3 0.1340 -
111.344 0.201 0.1900
121.344 0 . 2 5 1 0 .2 6 6 2
131*344 0 . 3 3 2 0 .3 7 8 0
141.344 0 .4 2 8 0 .6 0 5
1 5 1 . 3 4 4 0 .5 6 7
161.344
T a b l e  L  2 0
25 Z
E 3 X D &  rtXfVAX 
I-— -pos ition
JLA sxa.
P o s i t i o n s
ob lo c k : : :  rnov e.m en t . = m
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To examine the behaviour of the sand during testing measurements 
of sand levels v/ere taken along the line of the tie rod, at various 
values of loading* This was achieved by laying a metre rule on 
edge on the top of the tank directly above the line of the tie rod, 
then at zero load the depth from the top of the rule to the top 
of the sand was measured at 1 inch intervals to,.give the zero reading* 
Then at the required load value, the depth from the rule to the sand 
was again measured in the same positions, and the difference between 
these values and the zero reading gave the profile measurement.
see Fig L  !?»
B v i i )
DISTANCE 
ALONG - 
ins.
PROFILE DEPTH - ins ---— .
90 lb 1 2 0 lb 130 lb 140 lb 1 5 0 lb
0 -0 . 2 5 -0.65 -0.90 -1 . 2 0 - 1  c 90
1 -0.30 -0 . 7 0 -0.90 -a.2 0 : -1 . 8 0
2 -0 . 2 5 .-0.55 • -0 .6 5 -1 . 0 0 -1 . 6 5
3 -0.15 -0.35 - 0 .45 -0 .6 5 - 1 .2.5
4 -0 .0 5 -0 . 1 -0 . 1 0 -0 . 2 0 -0.40
3 0 +0 . 0 5 +0 . 1 0 +0 . 1 0 +0 . 1 0
6 0 +0 . 1 0 +0 . 1 0 +0 . 1 5 +0 . 3 5
7 0 +0 . 1 0 +0 . 1 0 +0 . 2 0 +0 »4o
8 0 +0 . 1 0 +0 . 1 5 +0 . 2 0 +0 . 5 0
’
9 0 +0 . 1 5 +0 . 1 5 +0.5Q +0 . 5 5
10 0 +0 . 1 0 +0 . 1 5 +0 .3 0 +0 . 5 5
1 1 0 +0 . 1 0 +0 . 1 5 +0 .3 0 +0 .5 0
1 2 0 +0 . 1 0 +0 . 1 5  '- +0 .2.5 +0 . 5 0  ,
13 0 +0 . 0 5 +0 . 1 0 +0 . 2 5 +0.40
14 0 0 +0 . 1 0 +0 . 2 0 + 0.40
15 0 0 +0 . 1 0 +0 . 1 5 +0 .3 0
1 6 0 0 +0 . 1 0 +0 . 1 5 +0 . 2 0
17 0 0 0 +0 . 1 0 +0 . 2 0
1 8 0 0 0 +0 .0 5 +0 . 1 5
19 0 0 0 0 +0 , 1 0
20 0 0 0 0 0
. 2 1 0 0 0 0 0
|i
no-pqjaA
To supplement the profile test, and also to give a visual 
representation of the'"heave” caused by the movement of the block, 
a contour test was performed*
First the ordinary concrete block was placed in the tank 
3 in below the surface which was carefully levelled* In order to 
measure the depth of the sand a 1 inch grid was arranged, 2 1 inches 
long by 8 inches wide and marked on the side of the tank* A metre 
rule was then placed across the tank at the first of the transverse 
grid positions and the 22 depth readings taken* This was then 
repeated for the remaining 7 transverse grid positions*
The load hanger was loaded, in increments of 10 lb per minute 
to 130 lb 1 at which all. the sand levels were again taken* The 
results can be seen on test No* 31 sheets 1, 2 and 3i and the resulting 
contour plan plotted on p ± g  Xj
CONTOUR T E S T  F i g  L  1 8  a n d  F la t ®  t,  jo  B  v i i )
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CONTOUR TEST 
TEST No© 31 SHEET No. 1
DATE OF TEST; 6.2.70 BLOCK TESTED: Ordinary Concrete 
DEPTH OF BLOCK: 3 in
CONDITION OF SAND: Loose DENSITY: 96 lb/ft5
POSITION OF TIE POD: Central
LOAD WHEN READINGS TAKEN: 6 lb
TABLE L 3
LONGITUDINAL 
POSITION 
ON GRID 
INS.
TRANSVERSE POSITION ON GRID
4 in 3 in 2 in 1 in CENTREline 1 in 2 in 3 in 4 inj
0 4,3 ^ . 5 4.5 4.5 4.5 4.5 4 + 5 4.5 4.5 j
1 4.3 4=5 4.5 4.55 4.55 4.55 4.5 4.5
2 4.3 1w 5 4.5 4.55 4 + 55 4.55 4.55 4.5 4.5 j
3 4.3 ^.5 4.55 4.55 4.55 4.5 4.55 4.5 4.5 i
4 4.5 <1.5 4.55 4.55 4.55 4.5 4.55 4.5 4*5 I
5 4.5 ^•55. 4.55 4.55 4.55 4.55 4.55 4.55 4.5 |
6 4.3 ^•55 4.55 4.55 4.6 4.6 4.6 4+55 4 . 5  :■i
7 4.3 ^.55 4.55 4.6 4.6 4.6 4.6 4,6 4 .5 5 :
8 4.3 ^.55 4.5 4.6 4.6 4.6 4.6 4.6 4.6 ;
9 4.3 ^.55 4.6 4.6 4.6 4.6 4.65 4.6 4.6
10 4.33 ^.55 4.6 4.6 4.6 4.6 4.65 4 .6 5 4.65;
11 4.55 ^•55 4.6 4.65 4.6 4 .6 5 4.65 4 .6 5 4.7
12 4*55 ^.55 4.6 4.65 4.65 4.65 4.65 4.65 4.7
4.55 ^.55 4.6 4 .6 5 4 .6 5 4.65 4.7 4.7 4.7
14 4.53 '‘.55 4.6 4.65 4.65 4 . 6 5 4.7 4,7' 4.7
15 4 + 5 ^.55 4.6 4.65 4.65 4 . 6 5 4.65 4.7 4.7
16 4.5 '+•55 4.6 4.65 4.65 4.65 4.65 4.7 4.7
17 4+53 4.55 4.6 4.65 4.65 4.65 4 . 6 5 4.65 4.7
18 4*33 '+•55 4.6 4.65 4.65 4.65 4 .6 5 4.65 4.7-
19 4+33 '+.55 4.6 4.6 4.65 4 . 6 5 4.65 4.65 4.7
20 4 + 55 ^.55 4.6 4.6 4.65 4.65 4.65 4,65 4.65
21 4 + 35 *k 55 4.6 4.6 • 4.6 4.6 4.6 4.6 4.6
q c 25°l
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1
TEST No, 31 SHEET No..2 j
DATE OF TEST: 6,2.70 BLOCK TESTED: Ordinary Concrete !
DEPTH OF BLOCK: 3 in ;
i
CONDITION OF SAND: Loose DENSITY: 96 lb/ft5
j
POSITION OF TIE ROD: Central I
I
LOAD WHEN READINGS TAKEN: 130 lb j|
TABLE it 4  I —---
i
LONGITUDINAL 
POSITION 
ON GRID 
INS.
TRANSVERSE POSITION ON GRID
4 in 3 in 2 in 1 in CENTRELINE 1 in 2 in 3 in 4 in
0 4.7 4.95 5*15 5*55 5*65 5*55 5*1 4*85 4*7
1 4.75 4.95 5*2 5*6 5*7 5*6 5*15 4*85 4*8
2 4.7 4,9 5*2 5*45 5*5 5*45 5*15 4.85 4.8
3 4.65 4.85 5*0 5*15 5*2 5*2 5*6 4*8 4*7
4 4.6 4.65 4.7 4.8 4*8 -E- .0 OO 4*7 4*7 4*65
5 4.55 *1.6 4*55 4.55 4.55 4.5 4.55 4.6 4*6
6 4.5 4.45 4.45 4.45 4-5 4.5 4*5 4.55 4*6
7 4.45 4.4 4.4 4.4 ' 4.4 . 4*4 4*45 4.5 4.55
8 4.4 4.4 4.4 4.4 4.4 4*4 4.45 4.5 4*55
9 4.4 4.4 4*35 4.4 4.4 4.4 4.4 4.45 4*55
10 4.4 4.35 4.35 4.4 4.4 4.4 ‘ 4.4 4.45
,
4 . 5
11 4.4 4 . 3 5 4.35 4.4 4.4 4.45 4*45 4.45 4 . 5
12 4*4 4*35 4*35 4.4 4.4 4*45 4.45 4*5 4 . 5 9
13 4.4 4.4 4.4 4.4 4.45 4.45 4.5 4.5 4 . 9 5
14 4.4 4.4 4.4 4.4 4.45 4.45 4*5 4.5 k . 6
15 4.45 4.4 4.45 4.45 4.45 4.5 4.55 4.55 4*6
1 6 4.45 4.4 4.45 4*5 4.5 4.5 4*55 4*55 4*6
17 4.45 4.45 4*5 4.5 4*5 4*5 4.55 4*55 4.6
18 4*5 4.5 4.55 4.55 4.55 4.55 4.55 4*6 4.6
19 4.5 4.55 4.55 4 <;55 4*55 4.55 4*6 4*6 4.6
20 4*5 4*55 4*55 4.55 4.6 4.6 4*6 4*6 4 . 6
21 4,55 4.55 4.6 4.6 4.6 4*6 4*6 4*6 h .  6
DATE OF TEST: 6*2*70 BLOCK TESTED: Ordinary Concrete
i
DEPTH OF BLOCK: 3 in
i
CONDITION OF,SAND: Loose DENSITY: 96 lb/ft5 j
POSITION OF TIE ROD: Central
SAND LEVELS AT 130 lb i.e., Table L'3 - Table L  4
CONTOUR T E S T  S e c t i o n  l» -  B  v i i )
TEST No. 31 SHEET No* 3
LONGITUDINAL
POSITION TRANSVERSE POSITION ON GRID
I
I
ON GRID 
INS> 4 in 3 in 2 in 1 in i : 
oi
 
ta 
ml
It!
 s
| Kj 1 in 2 in 3 in 4 in)
0 -0 . 2 -0 »4 3 - 0  * 63 -1,05 -1*15 -1o05 -0*6 -0.35
i
-0*2 i
1 -0 *25 -0*45 -0*7. -1 * 1 -1*15 -1*05 -0*6 -0*35 -0.3
2 —0 * 2 ~o*4 -0*7 -0*9 -0*95 -0*9 -0*6 ”0*35 -0*3)
3 -0 * 1 3 -0*33 -0*45 -0 .6 -0*65 -0*7 -0*45 -0*3 -0 .2
4 -0*1 -0 . 1 3 -0*15 -0 * 25 -0*25 -0 . 3 -0.15 -0.2 -0.1;
5 -0*05 -0*03 0 0 0 +0*05 0 -0,05 -0.1
6 0 +0*1 +0*1 +0.1 +0*1 +0*1 +0*1 0 +0*1
7 +0 . 1 3 +0 * 1 3 +0 * 1 5 +0*2 +0 . 2 +0 * 1 5 +0 . 1 5 +0.1 + 0 .0!
8 +0*1 +0 . 1 3 +0 * 1 5 +0*2 +0*2 +0.2 +0 * 1 5 + 0*1 +0.0;
9 +0*1 +0 * 1 3 +0 . 2 5 -i 0 * 2 +0*2 +0.2 +0 . 2 5 +0 . 1 5 +0.0!
10 +0 . 1 3 +0*2 +0 . 2 5 + 0*2 + 0.2 +0.2 +0 . 2 5 +0.2 +0.1.
11 +0 * 1 3 +0.2 +0 * 25 + 0 . 2 5 +0 * 2 +0.2 +0 • 2 +0 0 2 +0.2
12 +0o13 + 0 0 2 +0 . 2 5 +0 * 25 +0 . 2 5 +0.2 +0*2 +0.15 + 0.1
13 +0 * 1 5 +0 * 1 3 + 0*2 +0 * 25 +0*2 +0.2 +0.2 +0*2. +0 . 1
14 +0*15 +0*13 +0*2 + 0 * 25 +0*2 +0*2 +0 . 2 + 0 . 2 ■ +0 * 1
15 +0*03 +0*13 +0 * 1 5 +0*20 +0 . 2 +0 . 1 5 +0 . 1 + 0.15 +0 . 1
16 +0*03 +0 * 1 3 +0.15 +0 * 1 5 +0 * 1 5 +0*15 +0 *1 + 0.15 +0 . 1
17 +0*1 +0*1 +0*1 +0 * 1 5 +0 * 1 5 +0.15 + 0 . 1 + 0*1 +0 . 1
1 8 +0*03 +0.03 +0*05 +0 . 1 0 +0*1 +0 . 1 + 0 . 1 +0*05 + 0 . 1
19 +0*03 0 + 0*05 + 0*05 + 0*1 + 0*05 +0 .0 5 +0*05 +0 . 1
20 +0*03 0 +0.05 +0*05 + 0*05 +0*05 5-0.05 +0*05 + 0*0
2 1 0 0 , 0 0 0 0 0 .0 0
L S 7  1

Dense soil Testa
A X in.diameter poker vibrator of the submersible 
type (used to vibrate concrete in thin sections) was 
used to vibrate the test soil in layers in the bin ©
The vibrator was also placed in contact with the rigid 
steal walls of the bin to assist in the compaction*of 
the test soil to the required density of 105 Xb/ftfr 
The resulting closer packing of the soil particles could 
be observed through the perspex window of the test bin©
Measurements from the top of the bin to the new 
surface level of the test soil allowed mean densities to be 
calculated,the total mass of test soil in the bin at all 
times being recorded©
Care and practice enabled a uniform density with 
depth to be maintained©
S e c t i o n  &> T e s t a  C  i i '  & i i i )
The following tests were carried out 
N o  3 2 ? 33? 34. ordinary concrete block standard depth 
N o  35? 3 6 ? 3 ? o wooden block * tB
The tie rod was located,centrally in th© blocks in all 
eases©
'>All the results are plotted on Fig L  19-and the readings 
for test No 33 are enclosed for reference purposes©
Z€> 3
TEST NO. .33 „ . „ o 
SHEET NO. . I.'.. . . 
DATE OF TEST ‘ 7 s 4h 7 &
b l o c k TESTED ordinary concrete 
DEPTH OF BLOCK . . . . .
RATE OF LOADING lb/min #
TCP? 3
. * DENSITY f r i  L p f / K  .
' POSITION' Of TIE ROD . . ■'Central •;q q ■ - :  /
second test in dense soil
CONDITION OF SAND dense
LOAD
Clb.f.)
VERNIER 
READING 
(cm,)
EXTENSION 
(cm*)
CORRECTED
LOAD
(Ib.f.)
CORRECTED~ 
EXTENSION 
(ins.)
REMARKS i
i i
xio39 O  • J
.
■
•41.344 0 .0 0 0 0
<1 :
Apparatus j
20 )  * 7 ■fr ' .• 2 1 *344
settling 1 
down'
30 r •/ ' * • ;
( v - * . , x <1 •  ^. 31*344 /crSf * I
see
Fig l 1 9  ;
>
II. € 8 Qo3X 41.344 £ . 0 5 4
50 51.344 :!. v •’>*r
j
1
6o ; • 1 0 . 9 4 ' 0.4? .. 6 1 . 3 4 4 0,079 ' *'/ ' i
70 ’T.470 rr. 71*344 —
4
I80
1
1 0 , 9 0 •O. 4 9 - 81.344 „ j Oo 078
90 — — . 91.344 —
j
Ii
■ 1 ,0 . 8 7 Oo52 101.344
‘,l -,‘r ,
. i « » - *|! j
110 wv '* ♦ % ' 111.344
j
i
120
10=84 
II. c8 'O . 5 5 ' 121.344 O 0O66
1
1________ ____ j
i1-1 130
. — . 131.344 — i-
140 - 10.99 O e64 141 * 344* 0 ,087
<*
i
1 5 0 — 151,344 —
il
i
160 IO0 9 2 Off/l 161.344 Oo 1 0 0
L f r O
Z6>4-
t e s t  NO* . 33. < * © . . b l o c k t e s t e d  .ordinary/cqngrete
SHEET NO*' .2* . . © * * • DEPTH OF BLOCK . * * * *
DATE OF TEST ;7«4; 7*0 * * RATE OF LOADING .10.lb/ r/in» e
CONDITION OF SAND *' dense * * DENSITY I05 ^ *
POSITION OF TIE ROD .Central* . . .
second test I n  dense soil 9continued®
LOAD 
(lb * f * )
VERNIER 
READING 
(cm.)
EXTENSION. 
( cm *)
C O R R E C T E D  
LOAD 
(lb*f*)
CORRECTED 
EXTENSION 
(ins*)
REMARKS
j i
1 7 0  • 171*5 ■' CO
i
t
l8 0 ia*86> Oo77 x8x P*5 Oo x 08 0
i
190 v " t \ - 1 9 1 • 5 iI
i
2QX. lOoBa Q . 8 3 2 0 1 4  j OV'II? :
210 i q -78. 0 , 8 5 2iXo 5 Coll?
\
2 2 0  - • -10.74 ' o„89. . ■2 2 1 .5 0 . 1 2 6
il!r.
1
2 3 0 XO 063 ; I.0 0 . 231.5 Q oX6i
. —  . .|
Movement of bloc 
first visible
•240' ’ 1 0 . 6 0 i . 0 3 241.5 g .x 65
2 5 0  ' XOo57‘ . X.06: 2 5 1 .5 Oo 1 6 7
2 $ Q  , XOo54 liO? * •26x©5 00 x7 2 ? JJ
2 7 0 ' X0®5® 1 . 1 3 - ' 2 7 1 .  5 OoX?8
286' ' 1 6 , 46- I/I? 2 8 1 . 5 O 0X8 4 :
2 9 0 XO®40 i<,a3 2 9 1 . 5 0 , 2 0 2
3 0 0 * 1 0 . 1 9 1 .44 3 0 1 . 5
ii
V o 2 7 7
mo
time diat e 
slight 
/ement
3io
failure ai 
movement t
ter Smin 3* 
00k place
sec* durin 
ollowed by
y  which gen 
sudden coll
tie
9,pse e
• -tv ■
L 4 (
£  i

Compared to the failure in loose soil,the failure 
in these tests?with dense soil in the bin?was most 
spectacular. Unlike the previous tests,the forward 
movement of the block ceased only when the weights 
reached the floor, see Fig L 20 and L  21.
The volume of soil brought into effect at failure 
was much greater. A  deep triangular cavity formed 
behind the block?which appeared at the surface in one 
test* The eompapitively mild soil movement of the 
loose soil tests Is also shown on Fig L  20,
S e c t i o n  L  D e n s e  s o i l  t e s t s  3u B  v i i )
YJidth of mound produced in dense soil tests 
= 2 . 8  x. width of block
Width of mound produced iji loose soil tests 
= I • 7 x  width of block
It would appear therefore that wider spacing of 
anchors in denser soils may be required than in 
loose soils,if the full potential of individual 
anchors is to b© realized.
For further comments of the results of these tests 
see **conelusions”.


S e c t i o n  I* D ) C a l c u l a t i o n s
i) Resistance of square block anchorage in 
granular soil. Genaral case
F i g  la  22
G
2
G
y
r / **
O
2
Ka#G
Vk\
<i Kp$G
v 1
Lfrk.Z_f-.z_/ /\. ...,!— ^
a
2 31^  K G
Anchor Vertical
pressures 
per unit width
Horizontal px*essur@s 
per unit width
,Refer to horizontal pressures; 
ordinate d e 3  #.G  ^ K ^  KTa )
2 .  y  p , «■ ' , ■
ordinate t o e -  3iG.(
Kp K a
Resistances due to areas t
Based on trapezium d q e b
f e  X  8  (  K p  -  K a )  +  iifa x  G  ( K p K a >
%
A
¥ g  ( KL -- Ka ) per unit width —
p and for a square block :
y e 3 ( Kp - Ka )" s total resistance for width G.
Assuming the anchorage cannot fail without 
removing the soil over the top of the block ;
Resistance based on triangle a b c , Fig h  2 2
J ( Kn - K ) 3 x 32e Per unit width
' 2  2
( icp “ Ka > P er unit width 
Total resistance for block of width Gs
“  ^  ( *P " K a ) “  T >
Ratio of the above corresponding resistances = 1 .1 3 .
RAsistance of a  typical block in granular s o i l . 
English units e "
(no safety factor yet applied)
Assume Aft x 4ft _square block, soi3* cover 2  ft* 
depth to tie rod 4ft.
Fox-* soil i take * ICO lb/ft
0 >  » 3 5 0
Note when <* ~ 0 , Kp -  K a ~ 3*70 - O *2 7  =* 3 ©43
Based on trapezium in front of block 
and net width of block
T t »  I DO x  64 x 3.43 » 22,000 Ibf
, =  9 *8? tonf.when safety factor unity  -------------
Referring to B.S.P. Pocket Book. 8 Page C 14
allowing a factor of X 06 for width of soil effective?
T, ■* 1 . 6  x  9 . 8 5  *  X5 o8 tonf.
or
Based on a triangle of pressure in front of the blocks
Ratio of corresponding resistances « x. 1 3  
1.13 x 1*5.8 » 1 7 .8 -tcof.
safety factor unity
?>t d -je. L  7 7 271
Comparison of calculated loads for a 
Calculation L  D ii)
<a) ultimate net resistance,trapezium load
X - IOO ? <5 * 0
(to) ultimate net resistance,triangular load
(c) as (a) allowing width factor 1 , 6
Cd) as (to) m  m  £6t 1 * 6
Introducing a safety factor of 2 . 0
(e) as (c) with safety factor 2
<f) as (d) • V,J factor 2
4ft x 4ft block
tonfo
9 * 8 5
IIolO
1 5 * 8 0
1 7 * 8 0
7o90
8 *9 0
allowing for possible < 5 - 1 0
K_ 4*8o O' 27 3  4.53
(g)
(h)
as (e) but <5 »  io°, multiply by 1*32 
as (f) but 5^ = io°j
10,40
II.70
allowing for rise in water table to ground surface
/ o
(j) as (g) taking If» 6 5 lb/ft 
or ,
(k) as (h) $  3  6 5
Zjs6Z /*\
• ^but^ 3 > ^ 0 iie ^ 1 . 3 2 :X - W  -
6.75
(m) as (k) 20
■y
also check 6 ft x  6 ft block;as (j) s6 e7 5  x X . 5  : 
Comparison with B.S.P. Pocket Book 8 Mage G :
Re commended 
resistances }
4ft x  4ft block 
6 x 6  t41
7 9 60
, , g . ;
9,6u
22 080 ^
^ 7 .0 0 ®
24 .00
interim conclusions®
It is concluded that B.S.P. design parameters were 
as case (j) above * 5 u
trapezium shaped resistance, - 6 5 lb/ft , 
0 - 3 5  3  IO°,width factor 1.6
safety factor 2 .
C a l c u l a t i o n s  o n  c o m p a r i s o n  o f  m o d e l  w i t h  f u l l -
scale anchorage, L  D iii)
I
In part Di) we saw that T t
Comparing a model block with a full scale block
6 in x  6 in model 4ft x 4 ft block
I
Scale factor « 8 full size 3  0.125
Resistance factor (b) 3  0®00195
Equivalent Workiftg/load on model,
based on previous calculations
at density of test ( loose soil)
X -  96 lb/ft3 p  —  3 5 ° c5 a  io°
width factor X©6 safety factor 2 
by calculation;
6 „ 8 0  x 2240 x O.OUI95 3  43 Ibf 
and when £  3  O 4 3 4* 1 * 3 2  3  3 3  Ibf
Equivalent ultimate loads on model? 
at density of test (loose soil)
as above,except safety factor = X, 86 Ibf
and when <§~ «  O  instead of 1 0 °
6 5  I b f .
Calculated resistances of concrete model block . 
anchorage in dense soil.
0  = 40° approx. # = 10j lb/ft^
K - G© 22 K 3 4o60 “  'O
a P
K a 3  Oo 2 2 (assumed) 3  6 0 28 &  —  I Q
K K - 6 * 2 8  6  - io°
P a
Resistance factors relate dot o loose soil
4,^8 r 10$ 3  Xo4€ S »  o
3*4*3 98
6 0 2 8 v icg —  io5P , s  -  io°
^ 3  " 9 6
dense soil 0
Working load, <5» xo, « I©j2 x 43 » 6 $ Ibf
Working load, 0 , s 1,40 x 3 3 » 46 Ibf
dense soil
Ultimate load,<5—  10, » I* $2 x 86 ~ 1 3 0  Ibf
Ultimate load, 6  3  O, 3  I © 40 x  6 $ - 91 Ibf
*>; V? *♦ 0 t* >>• <*> -Av. . v-.* „ - > -tzAxi~ ©•' v  r • ’ "** ’’ i -rx, .4 j* - • Y* * v /  * s^  •yy*fri»■
ratio of load when <5 - O to
load when < 5  »  1 0 ° 3  0 . 7
ie when < £ = 1 0 °, increase the <£ ss 0 values
by a factor 3  1*43
Approximate check Fig I, l9
Experimental results on model, dense soil
failure load wooden block 3  2 $ 0  - 0®8
failure load concrete "Slock 3 X0
L  D i i i )  c o n t i n u e d  • *■
f  *  /  S o/ti f €. <- ^W
L >  D  iii) continued.
Initial calculations on size of model, block 
anchor ard b i n .
The previous calculation based on a 6 in x 6 in 
block indicated that loads of about XUOlb 
would be needed in loose soil.
The reasonable limit for hand loading was about 
300 lb. As dense soil tests were anticipated the 
size of block was not increased®
The size of test bin was determined from the 
the size of block,using the failure wedge calculations 
reproduced in the Introduction to this section®
A  volume of 2 ft x  2ft x 2ft = 8 ft^ of test soil 
was a heavy mass to handle at each change of test,
( 800 lb) approxo This was considered a practical 
limit©
It was considered thMs blocks smaller than 
6 in x 6 in were undesirable and a scale factor of 
I s8 (model to 4ft x 4ft frlock was reasonable)®
f c  i  5 7
net block weight 
plus superimposed soil
Fig L  23 Forces on a block ancborage,
Is D  iv)
Calculations on the anticipated effect of friction 
between block and soilo
when considering active pressures ignore the small 
reduction in P a due to &, see Table 1  in section F
Examine the effects = 10° and £  ®  20°
Ret upward force due to friction
(Pp -  P a ) tan£
This net uplift on the block should not be less than 
the weight of the anchorage, per unit length,plus 
the superimposed .soil over it®
We have seen how factors can be applied to previous 
calculations to allow for S  as follows §
£  factor
O I
' fh.ii
IO 1.32 being 3 . 4 3
3°  1 .6 7  "  5.73
3 7 4 3
L c o n t i n u e d
Check the possible effect of frlet i on on 
4 ft x 4ft square block, 2 ft earth cover ©
From calculations D  i )
w h e n S = o  resistance per foot a  5 ?JOO Ibf©
Criterion; the net uplift on the block?due to
friction should not be less than the 
weight pery^oot of anchorage©
weight of block = 4  x  1+75 x 3  I?o5 0 lb/ft
soil surcharge 3  2  x 3k75 x IOO 3 35^
X  ? 4ocJ” lb/ft
hence (TL - F a  ^ tan &  T p  1,40©
net vertical component.
when <5 3 IO°
1 * 3 2  x 5,5uO x  # 0X7 6 = l?2 8 o lb/ft
this is satisfactory
when £  3  2 0 °
X 0 6 7 x 5 , 5 0 0  x 0 + 3 6 4 = 3 53 ?o lb/ft
this can not be developed hence a value for 
of 2 u° for 4  is excessive.
Xt would appear that £  3  1 0 °  should not be
exceeded.
z y  7
Ultimate loads at strain corresponding to shear box 
failure
Loose soil X  -  96 lb/ft3, 0  = 35°
S u m m a ry  o f  e x p e r i m e n t a l  r e s u l t s  L
Ultimate load on mode3. concrete block = 1 2 0  Ibf 
From Fig L 19
Ultimate load on light anchor =* loo Ibf
Dense soil &  = 105 lb/ft3, 42°
Ultimate load on model concrete block = _ .810 Ibf 
From Fig I* 19
Ultimate load on light anchors » 200 Ibf
Working loads, dividing a safety factor of 2 into 
the ultimate values listed above $ (2 © 5 fox* dense soil)
Loose soil concrete block » 6 o  Ibf
light anchors = 5 0  Ibf
Dense soil concrete block = 124 Ibf
light anchors s / Ho Ibf
(safety factor 2 © 5 in this case)
L TU z i  3
Is
English.
size of 
square anchor
G  ft 3 4 5 6 ft
for anchor 
type 
see Fig JU X
cohesionics3 
test soil 
1,0033 0
0  - 3 5 3
1  ~ 96 lb/ft -3 
S > I o 5  G
5*8
(5)
14
( 1 2 )
26
(23)
46
(41)
concrete 
block 
S.F *  2
4.8 1 1 1  & 5 1 2 1  © 5 3 8 . 5 light 
anchor 
SoF 3  2
cohesionless «,.* 
test soil 
DEN’SB 0 
0  « 42° q 
%  3  1 0 5  lb/ft 
S > 1 * 5  G
see important 
note 2
I I 06 2 8 5 2 9 2
concrete 
block 
Sof 3  2 * 5
7 » 7
tons
1 8
tons
35
tons
6 2
tons
light 
anchor 
S.F * 2 .5
metric S d .
size of 
square anchor 
G metres I Xo25 X»50 2
for anchor 
type
see Fig b  X
cohesionless 
test soil 
IjQOSE rt
57  
(5o )
138
(1x9 )
2 ? 8
(228 )
455
(405)
concrete 
block 
S.F.3  2
$  = 35 u
X = 1520 kg/m  
S>Xo5 G 4 7 0 1X4 2X3 380
light 
anchor 
S.F *3  2
cohesionless 
i test soil 
DENSE 0 
0 3  42
115 2 7 8 5X5 910
■concrete
block
S 0F 3 2 c5
3 Xj68o kg/ra^ 
C3 >“ I„ 5 Ci 
see Important 
nota 2
76
kir
1 7 8
kK
345
wr
615
kN
light 
anchor 
soF 3  2o5
Table h  5 *  Safe resistance of isolated square anchorages 
based on model tests©
( s e e ‘important note?/ overleaf) 0 '
I m p o r t a n t  n o t e s  r e g a r d i n g  T a b l e  l  $
1) It is not recommended that the resistances for 
Loose soil be exceeded, ie the values for 
dense soil should not be. used0
2) Figures thus C o )  are from BoSoPo Pocket Book
X -  110 lb/ft 8 Page C 16
fox*6 comparison purposes,
3 ) Whex*@ soil densities differ from those in the 
table the recommendedsafe resistances shall be 
modified in proportion to density
and in submerged conditions the ratio is a 
reduction / + K
4) S  « depth to ground water table below ground
level.
5) There is incomplete identification between the test 
soil and the soil £>roperties on which the BoSJPo 
recommended loads ar© based. The following 
comparison is relevant®
Test Soil
LOOSE 
96 35
D M S
io5 42°
BoSoPo n o  3 0 ° 1 X0 35°
ib/ft^ lb/ft5
The resistances are proportional to G?
L S I
Conclusions on Section I# Model Anchorages©
(A))Soil Properties
X The test soil was a graded sand containing about
2 0 %  fine 'gravel, max size £  in , ( 1 2  mm)
2 Its moisture content was less than I %.
3 Bulk density (loose) X  = 96 lb/ft| 0 2 0  kg/m4
4 Bulk density ( dense) 4 = lojlb/ft^, X,68o kg/m4
o5 Angle of internal friction (loose)- 35
6 Angle of internal friction (dense)- 42°
7 Failure strain in shear box (loose)
»  (  I  t 2 4  )  a  4  % '
8  Failure strain in shear box ( dense)
* ( X t 4 0  ) s 2o5
(B) Model T ests
X A  suitable size of model and bin was chosen© 
Repeatability was achieved and a suitable rate 
of loading was IO lb increments at X minute 
intervals,loose soil and 2 0  lb increments at I min© 
intervals in dense soil® Failure occurred about 
j £  minutes after applying the final increment9 some 
movement being apparent during this period*
2 The cable stretch factor* was about 40 %  of the 
total deflection in the dense soil tests and 
therefore it was .important to correct for this.®
3 The position of the tie rod in the block, ie 
whether it was at the centre of area of the 
triangular z»@sistanc© diagram or the trapezium 
in Fig© h  2 2 f made no difference„ to the failure 
load©
4 It was apparent that the weight of block affected 
the resistance,the concrete, block giving the 
greatest resistance but there was no difference 
between th@'v;Lightag"an& Wooden blocks©
5 A  value of 0 <5,( angle of friction between block and 
soll^of io maximum, appears to obtain in regard to 
concrete blocks,type (a) in Fig X but, not for 
light anchors , type (b ) 0
L  5 7
6 F a ilu r e  o f  the block f i r s t  becomes apparent by the  
form ation  o f  a depression  behind the b lo ck , in  a l l  
caseso Although a mound i s  form ing sim u ltan eou sly  
in  fr o n t  o f  the block i t  is  fa r  le s s  apparent«
see F ig  L Iff and P la te  l a 5o
7 F a ilu re  was more pronounced in  the dense s o i l  tests©  
F ollow ing the above phenomenon ?sudden' s l id in g  o f  
the b lock  occurred©
8 As was expectedgthe fa i lu r e  load  in creased  w ith  
in crea sed  depth o f  cover o f  s o i l  over the b lock  0  
but the t e s t s  were m ainly lim ite d  to  a cover o f  %
9 R e fe rrin g  to  the o b je c tiv e s  s e t  out under NOTES
a t  the end o f  the in tro d u ctio n  t o  t h is  s e c t io n ;
(a )  has been achieved^ see Table L  5
(b ) a w idth fa c to r  o f  1 .6  appears t o  o b ta in  
see F ig  L IS
i f  t h is  fa c to r  is  used in  a n a ly t ic a l  
c a lc u la t io n s  good agreement i s  obtained  
w ith  model t e s t s ? s o  long as S 1 0 °
(c )  BoS«P© P ocket Book recommendations are 
remarkably c lo se  to  these experim ental r e s u lts  
and fo r  the s o i l  used in  th ese  t e s t s  a sa fe ty  
fa c t o r  o f  about 2 . 3  would ob tain  in ste a d  o f  2 C 
see Table 3L 5 and th© notes which fo llo w  if©
C o n c lu s io n s  X> continued©
L  SB 2 S 2
Lt
WOODEN LIGHTWEIGHT ORDINARY
CONCRETE CONCRETE
P la te  L I . T ypes o f  b lo c k  t e s t e d
P la t e  l ,  2  .A n c h o r in g  d e t a i l ,b a c k  o f  block*
L
P la t e  L 3 .  Arrangem ent o f  a p p a ra tu s .
P la te  L  4- . B lo ck  b e fo r e  t e s t i n g ,c a b l e  c e n t r a l .
L i O  2.S4-
L C(  2 s 5
MI t  i s  n ecessary  to  carry out shear stre n g th  t e s t s  
on u n~disturbed samples o f  c la y  s o i l s ,u s i n g  cores  
recovered  from t r i a l  bore h o le s .
V alues o f  the parameters c & 0  are obtained from  
t r i a x i a l  t e s t s  on samples su b jected  to  undrained  
co n d itio n s -  the ‘•’quick t e s t "1, B .S , 1377*
For a sa tu ra ted  c lay .u n d er these co n d itio n s the  
apparent value o f  0  -  Qf in  terms o f  &tit o t a l  s t r e s s e s ” , 
i s  obtained*
• S t r i c t ly  speaking such r e s u lts  are lim ite d  to  sh ort ■ 
term s t a b i l i t y  problem s, such as cofferd am s, For 
r e ta in in g  w a lls  intended to  be '"permanent"’' ! !  is  
n ecessary  to  determine the long term shear parameters 
c 'a n d  0 / u sing the^’cons oXidated quick"’ t e s t ,w it h  
pore pressu re measurement and c o r r e c t io n , or 
a lte r n a t iv e ly  the "'drained t e s t ” , c' and 0 'ara  in  terms 
o f e f f e c t iv e  stresses©
The th eory  and requirem ents are exp la in ed  in  
standard te x ts  on s o i l  m echanics.
I t  i s  to  be noted th a t c /an d  0 / from the drained t e s t  
are con sidered  to  be th e” tru e” va lu es o f  the shear  
parameters a f t e r  f u l l  d is s ip a tio n  o f  excess h y d ro sta tic  
pressure under the change o f  e f fe c t iv e  s tr e s s  r e s u lt in g  
from lo a d in g , f
In t h i s  connection  the value o f  0  obtain able  from  
the co n so lid a te d  quick best w i l l  be s l i g h t ly  lower  
than th a t o f  the drained t e s t  and con v ersely  the c /  
valu e w i l l  be s l i g h t ly  h ig h er .
Between the y ea rs 1 9 0  and 19 6 0  (a p p ro x im a te ly ), 
many w a lls  in  c la y  were designed on the b a sis  o f  
c and pfy in  terms o f t o t a l  s tr e s s  a n a ly s is ,G r e a te r  care  
was used by d esign ers in  s o f t  c lays than i s  o r d in a r ily  
requ ired  in  gran u lar so ilsb eca u se  o f  the s e n s i t i v i t y  o f  
the design  to  sm a ll v a r ia tio n s  in  the value o f  c*
This i s  r e fe r r e d  to  in  8 page G 12 ,
Up to  the p resen t ( 1971 ) fa i lu r e s  in  such s tru c tu re s  
are v ir t u a l ly  unknown. I t  may b@ th a t in  many cases an 
in crease in  s a fe ty  fa c to r  has occurred but th is  cannot 
be a n tic ip a te d  and id e a lly , dual c a lc u la t io n s  fo r  the  
sh ort term and long tern  con d ition s, should be made® 
C onsiderable caution  i s  c e r ta in ly  needed in  
applying cy = o re su its (fro m  drained t r i a x i a l  t e s t s )  
w ithout checking the s e n s i t iv i t y  o f  the design  to  
sh ort term 5 0  -  V c o n d itio n s .
C lay  S o i l s
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e f fe c t iv e  s t r e s s  =# t o t a l  s tr e s s  »  pore pressure*
ie  cr' = &  -  a
hence t o t a l  h o r iz o n ta l pressu re a t  any depth z i s  t
a c tiv e  ko / ' z  fr w ater pressure
pressu re a
case
In  th e  p re se n c e  o f  ground w a te r  g
The g e n e ra l equ ation s fo r  s o i l  pressu re in te n s ity  
are as fo llo w s  s c , 0  and c j 0 '  s o i l s
A c tiv e
p = kQ # z «  2.' c A a a
P assive  /—
p =  k X z +* 2  c /k
P p \ P
and when j /  =■ o
P 0a
hence when z, = o the n et p a ssiv e  resistan ce , i s  
c o n tr o lle d  by the fa c to r  4  c ® A sm a ll erro r  in  th e " 
value o f  c used in  c a lc u la t io n s  can g r e a t ly  in flu e n ce  
the design® T h is i s  t h e " s e n s i t i v i t y "  r e fe r r e d  t o 0
The Tension  Zone
The above equations fo r  a c t iv e  pressu re in d ic a te  
n egative  valu es in  the upper layers® T h is occurs in  the  
fo llo w in g  worked example" ( No 5 ) d e sp ite  a la y er  o f  
granular s o i l  over the stratum®
A second fa c to r  i s  th a t weepholes cannot be expected to  
drain  cohesive s o i l s  and water pressure i s  exerted  
between ground water le v e l  and the dredged le v e l*
In th© t h e o r e t ic a l  absence o f a c t iv e  pressu re ( in  
the te n sio n  z o n e ) ,r e f .  8 recommends $h or #h
3 ~4
the l a t t e r  presumably fo r  s t i f f  and v e ry  s t i f f  c la y s .
%s 2 ’ c  
¥  z t fr 2  c
MThese fa c to r s  have n ot been taken in to  account in  
the worked example ( No 5 ) , which fo llo w s . For th ese  
fa c to r s  t o  b e .a llo w a b le ,T (th e y  both tend to  a s s i s t  
in  lig h te n in g  the design ) ,ty a  w a ll must be adequately  
r e str a in e d  a g a in st e ith e r  downward or upward v e r t i c a l  
movement c
V /all f r i c t i o n  and  adhe s i on.
Methods o f  d e sign
The E qu iv alen t Beam method cannot be a p p lie d . 
Worked example lio 5 has been analysed on the b a s is  
o f  s .
fr e e  earth  support
a v e rs io n  o f  the d e f le c t io n  lin e  a n a ly s is  
the area moments method.
p lea se  r e fe r .
Ove r a l l  s ta b i l i t y  > '
"''s;:v ' I t  i s  n ot im p o ssib le ''fo r  r e ta in in g  w a lls  and 
j e t t i e s  t o  f a i l  by o v e rtu rn in g ,ie  a form o f  
c ir c u la r  s l i p  o f  the typa r e fe r r e d  to  a sudeep- 
se a te d 1.* In f a c t  the s o i l  mass con tain in g  w a ll  
and anchorages may become detached from the 
main cohesive s t r a t a  in  th is  form o f  f a i lu r e .  
I t  i s  th e re fo re  n ecessary  to  check o v e r a ll  
s t a b i l i t y  to  ensure an adequate s a fe t y  fa c to ?  
a g a in st r o t a t io n a l  f a i l u r e , i s  provided .
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dim ensions o f  len gth  are in  m etres, depth ‘ z !  m
V \jr ^ fr
dim ensions o f  d e n sity  are kilogrammes per cubic m etre7 0 kg/m  
surcharge lo a d s(su p e rlo a d s) are in  kilogrammes persquare metre
p
p ressu res are in  kilonew tons per square metre , kN/m’%
w aling loads and oth er loads are in  kilonew tons (p er m etre) 0
hence M /m ,
v e r t i c a l  p r e ssu re  3  O.OG98X x  )fz  
kM/m
bending moments are in. kilonew toni-r-m etres(per m)
ie  kNom/rn.
s e c t io n  m oduli o f  p i l i n g ,  cnP/m
2s tr e s s e s  in  s t e e l  are in  Newtons per m illim e tre  P
N/mm"
. g r a v ita t io n a l a c c e le r a tio n  g  3 9 * 8 l  m /s2 
d e n sity  o f  water -  1 ,0 0 0  kg/m^ -
I t  i s  a d v isa b le  to  c a lc u la te  v e r t i c a l  lo a d in g s , a t  d if fe r e n t  
le v e ls  down the w a l l , f i r s t  in  kg/m2 and then convert to  kN/m? 
The h o r iz o n ta l p ressu res can then be obtained from the  
appropriate ka and KD c o e f f i c i e n t s , the valu es being p lo tte d  
in  kN/nrf, as in  F ig  P1 2 . (worked example in  S©1© u n its ,b y  
th ree d if fe r e n t  methods)*
2
h o r iz o n ta l p ressu re  from water 3  9 ,8 x  kN/m per metre o f  depth©
M
U S E F U L  C O K  V E R S I O N  F A C T O R S
English. • M etric  S ,I »
approximate eq u iv a len t
I
3*27
I
f t
f t
in
len g th 0 ,3 0 5
I
2 5 .4
m
m
mm
I
I
2 . 2 5
lb
ton
lb
mass 0 ,4 5 4
1 , 0 1 7
1
kg*
k.g©
kg.
I
1
to n f
I b f
fo rce 9 0 6
4*49
JsK
F
1
ICO
I
Ib f /ir io  
l b f / f t %  
t o n f / f 0
p ressu re . 6 *90
. " " "  4 C 79 
107©3
kF/m2
kF/n/”
I
I
I
l b : ' / f t  
l b f / f t  
t o n f / f t
lo a d /u n it  length 1 .4 8
14*7
32*5
kg/m
N/m
kN/m
IOO 
I  (XX)
t o n f . i n  
I b f . f t
bending moment 25*3
1X37
kN.m
kH.m
ICO to n f  r. i n / f t  bending moment/
u n it  len gth
1000  I b f , f t / f t
83
4.4-9
kN.m/s
kFm/m
I in? . / f t s e c t io n  m odulus/
u n it  len g th
53»5
q
cnr/m
1
2
t o n f / i n s t e e l  s t r e s s  ■ * X5o44
p
N/mn/
Z cio
Worked. Exam ple No 5 Cj g / s o i l
F ig F 1 r e f  era to  an anchored sh eet p i le  w a ll  
r e ta in in g  gran u lar s o i l  to  a depith o f  3m*
This s o i l  r e s t s  on a second stratum  fo r  which 
c 5 3 44  Ml/m2 and 0 ' ~ 2 0 °
The ground w ater ta b le  i s  lo c a te d  a t  the boundary 
between th ese strata®
The t o t a l  h eigh t re ta in e d  w i l l  be g  m and the s o i l  
behind the w a ll i s  req u ired  tq  carry a superimposed  
lo a d , (su r c h a r g e )o f 2 ?2 0 0  kg/itr
The depth t o  t i e  rod le v e l  w i l l  be taken as 2 m©
Determine the lo a d  per metre on the w aling a t  
t i e  rod l e v e l ,  the maximum bending moment in  the  
sh eet p i l i n g  and th© requ ired  p en etra tio n  o f the  
p i l in g  r e s u lt in g  from each o f  the fo llo w in g  
a n a ly se s ;
(Assume th© water* ta b le  in  fr o n t  o f  the p i le s  i s  
a t  the dredged l e v e l ) .
Free ea rth  support method 
A v e rs io n  o f  the d e f le c t io n  lin e  method
‘ The area moments method
2 ,2 0 0  kg/m2
T 3 c' = G q
V ? 6 0 ^ k g /m f
8m
G-W.L
y '» , .  , 7 6 0  kg/m.3
if/ - 2 0 °  o 
=  44-kN/m^'
D
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By the f r ee earth  support method®
I® P e n etra tio n  o f  the p i l in g  ( X) )
Moments about t i e  rod le v e l .  F ig  P 2 9 p a rts ( a ) ,
(b ) and (d) only are needed*
A ctive
7 .2  x  2oO x  loOO = 1 4 .4  x  1 .0 0  3  -  14-„ 4
J x  10*4  x  2 *0  x  0067 3 10+4 x  Oo67 3  -  6*9
20© 2 x  IoO x Ooju = 20© 2 x Oo50 3 rf 10+1
h  x  4 9 0 O x 5oO x 4+33 -  122*5  x 4+33 =
jg A c tiv e  pressu re   167© 5 5i8oO
kN/m sum a c tiv e  moments IcH+m/m y
P a ssiv e  z<
75 z, (6  *  a )
+  } x  1 5 . 2  z ,2 .:(6  -t- I 2 ' )
F ir s t  t r i a l  z, 3 Im
75 x 1 . 0  x 6 . 5  -  75 x  6 + 5 *  4 87 ••
h  1 5 o2 x  IoO x  60 67  3 7 x 6067  -  50fed ^ ■ tz»v*2ve*tsa-ax)* ■
Pp 3  8206  537 s l i g h t ly  h igh
Second t r i a l  z, 3  0+9
7 5  x  0 *9  x 6+45 «  4 3 5
\  13 0 6  x  0*9 x  6 06 o  3  _ 4 0 _
475 th is  i s  to o  low
The f i r s t  t r i a l  appears s u f f i c i e n t ly  accurate©
Free ea rth  support p en etra tio n  3  X m
P a ssiv e  th r u s t  ~ fk  82+6 kN/m
2® T ie  rod lo a d  T ©
T ie rod lo a d  T 3  P -  Pn
a F
T 3  1 6 7 © 5 -  8 2 .6  =  85 kN/m
Worked Exam ple No 5 c^jd'soiX©
2,4 s
3* Max. Bending moment  in  the P ilin g
Determine the le v e l  o f  zero  shear fo r c e .
L e t hj he req u ired  depth below ground le v e l  
1 4 .4  *  1 0 .4  <- 2 0 .2  *  |  9 .8 l  ( h, -  3 + ' T
4 .9  ( h ,»  3  ) ~ I  -  4 5
h, ~ 3 3  2 . 8 6  m
hence zero  shear fo r c e  occurs 5*8 6  m below top o f  
w a ll .
Max bending moment 3  T (5*86  -  2 )
-  4 0  x 2o86 -  2D©2 x 3 o36
3
-  I0o4 x 4o53 “* !4 o 4  x  4o86  
m *  328  -  3 8 . 2  -  68 -  47 -  7 0
M 3  328  -  223  3  1 0 5  kN.m/m.
S tre ss  in  Frodingham 2N fo r  which Z  3  1 ,1 5 0  cnrVm
/
3  xo5 x  i u 9
l , i 5o x  io . 3 = 92 N/mnr
4 .  P en etra tio n  fo r  s a fe ty  fa c to r  «  2 S 
a g a in st toe  fa i lu r e
Moments about t i e  rod l e v e l :
3  2 x  5l8"o8 3  1 , 0 3 7 * 6
F ir s t  t r i a l  i c6 m
7 5  x  1 . 6  x  6 . 8  3  1 2 0  x  6 . 8  - . 8 1 5
J !5 o 2  x  I 0 6  x 7 o06 - I 2 X  x  7 * l6  -  J36
*”9QI
Second t r i a l  l „ 7  m
75 x  1 . 7  x  6 .8 5  53 1 2 7  x 6 .8 5 =  870  8 7 0
J l5 o 2  x  1 .7  x 7*13  3 I 2 .9 X  7*13
Thir d  t r i a l  X68 m pen e t r a t ion
75 x  I 08 x  6 . 9  *  ^ 3?  x  6o9
*§ X5«>2 x i 08 x  7^2 3  I3o7 x7o2
T his i s  s a t is fa c t o r y  ©
^ 6 2
-  9 3 2
~~1 § 2
I su 3 i
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.-'Defi< a c tio n  lin e  meth6d9proposed by the author©
(f ix e d  earth  su p p o rt).
R efer to  F ig  P 2 ;  p a rts ( a ) , ( b ) , ( c ) ( d )  and (e )  are 
needed but need n ot be taken down to  the f u l l  c a n tile v e r  
p e n e tra tio n  which i s  shown©
Draw the c a n t ile v e r  bending, moment diagram from the  
fo llo w in g  ,o r  s im ila r  .approach s
Moments a t  d i f fe r e n t  le v e ls  below su rfa ce  z
bending moments
z g 2 m as a c a n t ile v e r
( 2 4 ,8  x  Oo86) kH*m/m 2 1 0
z  = 3 m
(2 4 ,8  x  I©86) + ( 2 0 © 2 X Oo5) 5 6 o2
z_ = 4  m
( 2 4 .8  x  2 .8 6 )  -i- ( 2 0 .2  x  1 .5 )  rt ( 4 .9  x  0 .3 3 )  102
& a  5 m
(2 4 *8  X 3*86) *  ( 2 0 ,2  X  2 o5) + (4 *9  x X©33)
4  (14*71  x 0 0 )  l6 0 o 4
z = 6rn
( 2 4 .8  x  4 .8 6 )  *  (2 0 * 2  x 3*5) +  (4 *9  x 2*33)
+ _(24 0 2 x  0 *5 ) 4  ( I 4 o 7 l  X 1*5) 224
z  ■ -  7 m
. (2 4 *8  x  £ .8 6 )  4 ( 20*2 x 4 0 ) 4  (4*9  x  3*33)
+C 34.33 X O®5) + (2 4 * 5 2  x 1 0 ) 4  (I4*7X  x 2*5) 343
*2* s  8 m
(24.8~x~6T .86) + ( 2 0 o 2 x 5o5) + ( 4 .9  x 4 *3 3 )
4 (3 4 *3 3  x 1*5) + ( 2 4 .5 a  x 2*5) + (1 4 .7 1  x  3 0 )
4 (4 4 * 1 2  x 0 .5 )  489
Worked Exam ple Ho $» by a  v e r s io n  o f  th®
z = 9 m
( 1 6 7 x 3*91 ) (8 2 . 6 X 0 . 5 ) *.w 6 1 2Z ~ IO m
(167 x  4o9'X ) (8 2 .6 X 1 0 ) -  (97.8 X 0 * 5) 649
z  = I I  m
( 1 6 7 x 501 ) (8 2 . 6 X 2.5) — ( 9 7 • 8 X 1*5) ; " 583- ( 1 1 3 X u0 )z =* 1 2  m
(167“x 6 * 9 1  ) (8 2 . 6 X 3.5) - (97.8 X 2*5) 395(1 2 8 .:2x o.5) -(113 X 1 0 )z = 13 m(167 x 701 ) (8 2 .6 X 4.5) - (9 7 *8 X 30) 64-(143*>4x0.5 ) -- (I2 8 .2 x i.5) - (113 X 2 0 )
The r e s u lts o f th ese c a lc u la tio n s  are p lo tte d  as
p a rt o f  F ig F 2  ( e ) *
2 q s
I t  i s  now p o s s ib le  to  s e le c t  a c lo s in g  lin e  5fo r  f ix e d  
ea rth  su p p ort, on F ig  p 2  (e )  such th a t the ordin ate  
o f  p o s it iv e  bending moment above dredged le v e l
3  1 . 2 x ordin ate  o f  n egativ e  bending moment , below  
dredged le v e l .
(T h is device i s  not nevi and i s  freq u e n tly  quoted in  
te x t  books?but m erely as a m o d ific a tio n  t o  the g ra p h ic a l  
c o n stru c tio n  and n o t in  an approach v ia  the c a n t ile v e r  
bending moment diagram ).
A ft e r .t h e  c lo s in g  lin e  i s  drawn i t  i s  p o s s ib le  t©  
s c a le  o f f  the bending moment to  a sim ple s c a le  
and n o t a complex o n e ,a s  would be the case i n  
g r a p h ic a l c o n stru c tio n s0
Maximum bending moment «  8 5 kN.m/ixh
( I t  i s  a ls o  p o s s ib le  to  c a lc u la te  i t ,a s  shown below)
For lo a d on w alin g a ,T  pex4 m etre
(Note th a t  a c t iv e  pressure area between zero  
bending moment le v e l  and dredged le v e l  is  I2kN )„
hence T ^ 5 .7 5  *  78 kN/m 9 £
(in s te a d  o f  c a lc u la t io n ?the crossov er p o in t  s c a le s  
44*6 on the c a n t ile v e r  bending moment diagram)
For l e v e l  of  zero shear f o r ce,.
L et x  be the d ista n ce  a t  which th is  occurs below  
ground w ater le v e l ,
T «  2 4 o8 + 20© 2  + 4 .9  sc2  3  78  and x  »  2 . 6  m
For maximum bending moment <,
Note load  on w alin g a ls o  obtain able  from sc a le d  
dim ensions on c a n t ile v e r  bending moment diagram  
a t the low er end o f  c lo s in g  l in e ,
T  »  6 4 0 4 - 8 . 3  ^  7 7  m / n u
T x  5 .7 5  3  ( 2 4 .8  x  6 o 6 l)  + t o n .  9  v
446
(7 8 x  3 .6  ) -  ( 2 4 o 8 x  4 .4 6 ) ( 2 o 02  x  3 . 1 ) 
( 3 3  ^  0 *8 ? )
30  kNm/m'.2 8 0  ~ 1 1 0  - 6 3 - 2 8
24 &
SglQ Q .t_suitable se c tio n  o f  p i l in g  
S tre ss  ifa Frodingham 1 A fo r  which Z = 563  cmVm 
3  80  x. l i P . ,  3  141 N/mm2
o i  x .
A lthough th is  se c tio n  i s  not o v e rstre sse d  i t  would 
.be p re fe r a b le  to  choose a s t i f f e n  s e c tio n  fo r  the  
len g th  and d riv in g  con d ition s involved.? or use X A 
r o l le d  in  high y ie ld  stre n g th  steel©
S tre ss  in  Frodingham 2  N fo r  which Z  3 1 ,1 5 0  cxiP/m
= 60 x l i f t  ? P
X?TjT£> x  1 0  3  7 0  N /m
Required P en etra tio n
P o te n tia l p a ssiv e  re s is ta n c e  behind w a ll  
at z 3 1 0  © 3 m
2*u4 f> z rf 2©86 c '
2*G4x 126 rf 124 3 380
P o te n tia l a c t iv e  pressure in  fr o n t o f  w a ll  
a t z, »  2+3 m /
Oo49 /  z t -  I 04  c '
0*49 x 1*7 -  6 l  3  n egative
hence ignore this©
Gut o f  balance shear 2 + 3 m below dredged le v e l  ;
Pp -*• T -  Pa -  78 + (7 5  x  2«3) + i  1 5 .2  x 2 .3  -  Pa 
=5(78  + 1 7 3  + 40 ) -  r a
a 291 -  1 6 7 „5 =■ 124 KK.
A d d itio n a l p en etra tio n  requ ired  below D,
3  124 =  Oo33in? say Oo4
t o t a l  p e n e tra tio n  3  2+3 rf 0*4  «  2 .7  3  D,
( f ix e d  earth  support)
Note c lo s in g  lin e  fo r  fr e e  earth  support i s  a ls ortsvrK.v nuztoMixxf * •  ■'*
shown on F ig P 2  (e ) fo r  checking w ith  a n a ly t ic a l  
method©
(t h is  v e rsio n  o f the method could have been used  
fo r  Worked Examples I? 2 ,3  & 4  in  gran u lar s o ils )©
P ? z q  7
By th e Area Moments Method*
Rqfe r  to  P ig P 2  « P a rts  (a ) (to) (c ) and (d ) only  
are n e e d e d ,it  Is n ot n ecessary  to  p lo t  any bending 
moments*
For l e v e l  o f  zero  shear f o r c e 9a f X - X  
Pp = Pa = 1 6 7 .5
Try X =  1 .8  m ' ,
Pp a (7 5  x 1 .8 )  -i- |  x 5 5 .2  x 1 .8 ^  = 1 5 9 .5
to o  small©
Try X  ~ 1„9 ffl o
P = (7 5  X X .9 ) rt I  X X 5 .2  X 1 . 9 '- = 1 6 8 . 3
P T ills  is  s a t is fa c t o r y
Hence X -  I „ 9  m
Maximum bending moment as a c a n tile v e r  i s  g iven  by 
( 1 6 7  X  4 . 8 1  ) -  (1 4 2  X 0 . 9 5  ) -  2 7 . 3  X 0 .6 3  = 659
kNo m/m©
Worked exam ple No 5 •
continued 1
26  &
s e c t io n  x
fore®
L»s about 
X - X
M a 2li 4* a 
3
M
2 I'MI.
24©8o x 8 , 7 6 =  217 -0 © 86 4 , 9 8 iu8o 5 X 8 , 7 6  =s 94 0
20e 2.0 x 7*40 =  I50 o©5 o 5*4-3 75 X 7,4-0 =•555
4«9U x  6,23 3 30 X067 5«82 15 X 60-23 3 94
14*71 x 5o4G =  80 2 © 50 6 © 1 0 40 X 5o4U = 2x6
2 4 0 52 x 4©40 =  108 300 6,43 54- X 4 o 4o =s 238
34,33 x 3©40 »  1X9 4 0 o 60 77 590 X 3 b 40 = 2 0 1
44-o 12 x 2o4-0 
sum a c tiv e  
moment ~HxO
500 7 oio 53 X 2,40 = 1 2 7
£  M L  x  s» 4 ? 6 8 0  +- 
+  1 , 3 6 0  -a 3 5 0 1 0  +■ 905
548 4- 1 , 3 2 0 + i s53t>
Bum area moments o f a c t iv e  s o i l  pressure and water 
pressure s e c t io n s  about lin e  o f T
-  13?353
Passive moments = 142 x  0 .9 5  134
2 7 o3 X 0*63 3 iZsJL.
T5 i ©2
Net moment about X - X  =■ 8xo «* I j l  3  659 kN.m/m
Moment o f  area o f p a ssiv e  bending moment diagrams 
about T o ( r e f e r .t o  Fig G 13)
£  x  75  x  I . 9 2 X 1 .9  ( 8 + 1 . 9  -  2 -  ) = 6 3 5
3 4-
O 1 .9  ( 8 rt 1 . 9  -  2 -  1 . 9  ) = 6 2 1
+  I  X 29 X 1 . 9 -  X 4  5 _____
6 t o t a l  I ,2 5 0
Nat moments o f  areas o f  banding moment diagrams about T
1 3 ,3 5 3  -  1 ,2 5 6  =  I2 ,C 97  = M A
Tie rod lo ad  T = 3 M A ,
X Xrt h -  Dt r
Tie rod load  =. 3 x  12<,097 3 74 kN/m
7=9 3
A ctu a l bending moment a t  X -  X 5 F ig  p  2
3  659 - ( 74 x  7*9 ) 3  659 - 585
3  74 kN.m/m)
Using the su ggested  approxim ation fo r  a d d it io n a l  
p e n e tra tio n  1
y2 = Z i i i „  s » 8  = 1 = 4 3
1 0 3 . 8  1 0 3 . 8
T o ta l penetration . D — ( 1 . 9  + 1 . 2  ) =■ 3 . 1 0  m
Level, od zero  shear fo rce  i s  where the a c tiv e  
pressure p lu s w ater is  equ al to  the w aling load/m  3  To
o
74 3  2 4 ,8  + 20o2 *  4 +9x  , where x  i s  the d ista n ce  
fiom ground w ater le v e l  to  zero  shear level©
hence x 3 /  22, ”  /5 ° 9  *  2 ,4 3  m
V 4 ”*9 V
For maximum bending moment,
(7 4  x 3 * 4 3 ) -  ( 2 4 ,8  x  4*29) -  ( 2Uo3 x 2 .9 3 )
-  ( 29 x O08I)
254 -  106 -  59 © 5 -  23. 5 ~ 6 5  kNm/m
I t  is  t o  be noted th a t the method s l i g h t ly  
under -  estim a tes the w aling load T and th is  
lead s to  a sm aller  value o f  the maximum bending  
moment9compared to  the d e f le c t io n  lin e  approach.
S e le c t  s u ita b le  s e c t io n  o f  s t e e l  sh eet p ilin g©
30 o
Pie asm r e fe r  to  con clu sion s about the d i f fe r e n t
methods o f  d esign  in  S ectio n  (1
R efer a ls o  to  con clu sion s on Anchorage t e s t s  in
S ectio n  L©
1) A r e ta in in g  w a ll o f  the anchored type i s  only as sa fe  j
a s i t s  anchorage system , hence th e f i r s t  requirem ent (
i s  t o  have an anchorage o f  adequate s i z e ,a t  j
s u f f i c i e n t  depth , in s ta b le  s o i l ,  a t  a s a t is fa c t o r y  
d ista n ce  behind the wall© Once t h is  co n d itio n  is  I y
s a t i s f i e d  th ere i s  scope fo r  d isc u ss io n  regarding I
the methods o f  design  o f  the w a lls  themselves© |
2 )  There i s  an in cen tiv e  to  adopt cheaper methods o f  
design  than the c l a s s i c a l  fre e  earth  support and 
f ix e d  earth  support methods,. In d ic a tio n s  are th a t such 
accepted methods g iv e  h igher s a fe ty  fa c to rd  than te 
current G ontinantal practice©
3) One way o f  ach ievin g  c o s t  savin gs would ba to  use 
the c l a s s i c a l  methods a t  higher banding stresses©
I t  i s  e s s e n t ia l  to  r e fe r  to  ^ C r ite r ia 81' in  the  
Nummary© In regard to  the methods;
4 )  Rowe’ s Sheet p i le  W alls a t  F a ilu re  i s  n ot proven 7 
and may be ova r -  optim i s t  i  e ©
5) T s c h e b o ta r io ff8s p en etra tio n  requirem ent seemed to o
g e n e ra l to  s a t i s f y  a l l  ca ses and few d esign ers were 
a ttr a c te d  to  the method© In the case o f  Example No 3 
i t  gae's the same p en etra tio n  as fr e e  earth  support 
w ith  a s a fe t y  fa c to r  o f  I© In dense s o i l s  i t  was a 
l i t t l e  le s s  than the requirem ent fo r  f i x i t y  by
; R e fle c tio n  line© s e e 35,18 and 19 , a ls o  2 3 °
R eferrin g  now t o  the c o s t  c r i t e r i a  in  p a r t ic u la r :
6 ) Xt i s  apparent from Table J  I  th a t the Danish Rules  
tend to  toe the cheapest method o f  d esig n  ©The margin o f  
d iffe r e n c e  from con ven tion al methods i s  so g re a t ^  
th a t  one fe a r s  th a t t h is  method could be to o  op tim istic©
7) T erza g h i5 s  Anchored Bulkheads seems t o  be s. re~* 
p re se n ta tio n  o f  Rowe’ s F l e x i b i l i t y  w ith  a more 
con servative  approach,giving: more c o s t ly  construction©  
see Table d  I©
8) i t  i s  apparent th a t  the E qu ivalen t bean approximate 
method i s  more eeohcmieaX than the fr e e  ea rth  support 
and d e f le c t io n  l i n e , (d e sp ite  being based on the la t te r )*
W l U  UaWv'S
G enera l  Gonclu s  io n e ©
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9 )  Table J 2 shows th a t there are savin gs in  s t e e l  to  
be had by dasign in g  fo r  f ix e d  ea rth  support in  a l l  
e a se s ;b y  d e f le c t io n  lin e  9 Howe's F l e x i b i l i t y  or 
Area Moments m eth od s;free  earth  support i s  more 
expansive than n ecessa ry 0
IQ) I t  i s  apparent from Table J 3 th a t Rowe's F l e x i b i l i t y  
method shows s u b s ta n tia l savin gs in  dense s o i l  
where the f l e x i b i l i t y  red u ctio n  a ffo r d s  d e f in it e  
advantages* In dry lo o se  s o i l  there may be m arginal 
s a v in g ,in  wet lo o se  s o i l  i t  may be more expensive®
IX) The Norwegian Geotechnics. I n s t it u t e  o f fe r s  a design  
procedure 'incorporating the advantages o f  RoweB a 
F le x ib i l i t y *  Rowe's own procedure has not been 
g e n e r a lly  adopted in  England and one o f  the ..reasons i
was probably the com plication  o f h is  's t r u c t u r a l8 
and * o p e ra tin g 1 curve a ®
12) Be s ig n e rs  should use Rowe's F l e x i b i l i t y  method in  \ 
dense granular so il©  In  lo o se  granular s o i l  the  
E qu ivalen t beam approximate method may g iv e  a 
cheaper s o lu tio n  and should be adopted©,
13) The v e rsio n  o f  Howe's method de.scribed in  s e c t io n  I , 
G o f th is  stu d y 9combined w ith  the Charts enable I t S  
quicker s o lu tio n s  to  be obtained® 1
14) The r e s u lt  should be checked by E qu ivalen t beam 
approximate method *■ The cheaper o f  the two r e s u lt s  
should be adopted and should a ffo r d  a s ta b le  desig
X5) T ables J 4  and J J show th a t the eq u iv a len t beam
approximate method does n o t take very lo n g .to  apply© 
The d e f le c t io n  lin e  i s  w a ste fu l in  time© Short 
cuts?such  as making the r a t io  o f p o s it iv e  to  
n egativ e  bending moments — I®2 , Involve l i t t l e  e r r o r ,  
•when the f u l l  method i s  compared to  a lte rn a tiv e s®  
T s e h a b o ta r io ff*s method i s  r e la t iv e ly  quick to  
apply*
16) The design  ch a rts o f  S ectio n  E can be combined
w ith those o f  the BoS©P© gocket Book?enabling any 
p rop osals to  h© checked by independent m ethods.
The ch arts should be o f  g rea t value to  p r a c tis in g  
d esign ers o f  anchored sh eet p i le  w a lls  in  granular
17) Secondary advantages accrue from a s e t  o f  design
ch arts ©For example one can see a t  a glan ce the M ig h t
o f  grpund w ater a t  which bending moment and t i e  rod  
loads reach t h e ir  maxima®
Q ^  o So 2.
18) Newer methods , such as Banish B u ie s , T s e h e b a ta r io ff , 
and Howe’ s F l e x i b i l i t y  produce cheaper w a lls  but  
take lon ger to  d esig n . Such time may be w e ll sp e n t0
19) There i s  no way o f  knowing whether such methods are 
more accurate but th e ir  adoption w i l l  reduce c o sts
. a t the expense o f s a fe ty  f a c t o r » The s a fe t y  fa c to r  
rem aining i s  probably adequate in  the case o f  Howe’ s 
F le x i b i l i t y  and Ts ch e b otar i  o f f  in  dense so ils©  Rowe’ s 
F l e x i b i l i t y  may g iv e  more than adequate s a fe ty  fa c to r  
in lo o se  s o i l s  and T sc h e b o ta r io ff  to o  l i t t l e » (5)*
20) - I t 1is .d o u b t fu l  whether B r it is h  p r a c tic e  i s  ready to  
accep t the b o ld  p rop ortion s r e s u lt in g  from the  
■application* cdf the Banish Rules©
21) I t  i s  hoped th a t  the Area Moments method w i l l  be 
u s e fu l to  d esig n ers in  so lv in g  the s t a b i l i t y  
a a lc u la t io n s  fo r  re ta in in g  w a lls  in  c la y ,a s "  an 
a lte r n a tiv e  to  the R e fle c t io n  Line©
22) The p ro p o sa ls  o f  Mr G0M ©Cornfield fo r  a C ollapse 1  
Method formed an in te r e s t in g  s tu d y .to  explore© i t  
may be th a t  fu rth e r  development can follow©
23) Regarding the s a fe ty  fa c to r  a g a in st to e  fa i lu r e  in  
lo o se  s o i l s  compared to  th a t  In dense s o i l s , i t  may be 
argued th a t as 0  i s  u n lik e ly  to  be any lower than 
the value corresponding to  the lo o se  s t a t e , perhaps a  
lower s a fe ty  fa c to r  should be accep tab le  on w alls  
con stru cted  in  lo o se  s o i l s ,s a y  in ste a d  o f  2 9 
based on moments about t i e  rod level©
S o  3
D E S  I  G N  I N  G ' V/ I T H  C  H  A R T  S  
R o w e ’ s  F l e x i b i l i t y  M e t h o d ®
Anchore d  s t e e l  s h e e t  p i l e  w all s 0
C h a r t  * R  X  P r o p o r t i o n s  o f  w a l l s  t o  w h i c h  d e s i g n  
c h a r t s  a p p l y ©
104
R ow e's F l e x i b i l i t y  M ethod,
L 0  O S S  S O  I  L 73 A T A
E n g lish  u n its  M etric  Si*I®
=s s o i l  submerged d e n s ity  60 l b / f t ^  96® kg/m
X -  s o i l  bulk d e n s ity  1 0 0  l b / f t ^  1 , 6 0 0  kg/rn^
-  d e n s ity  o f  w ater 62*4+  I b / f t ^  1 ,0 0 0  kg/rn^
2  2 . 
v/s - i n t e n s i t y  o f  su p er lo a d  l b / f t  kg/m
he ~ ws /  X ft- m
o g
p r e s s u r e s  in  l b f / f t * ” kN/m
fo r c e s  in  I b f  (p e r  f t )  kl\T (p e r  m)
o f  w a l l  o f  w a ll
t i e  rod  lo a d  t o n f / f t  kN/m
K 3  0 * 2 8a
Kp 3  2oQ
ta n  j  = 0 /6  4,
C harts may be u sed  th rou gh ou t in  e i t h e r  E n g lis h  or s.I.
U n its ,
Use C h arts R 1 , 2 , 3 , 4 * , 5 , 6 , 7 , 8 ,  i j .
CHART H 2 , 3 0 5
D E S I  G N I  R G TO B O W  JB* S F L E X I  B I  L I T  Y
U S I I  G C H A R T  So
Loose s o i l ; p ro p e rtie s  should corresjuond to  chartR 2+
To R efer to  C hart• R X® evalu ate  s /h , and Dt./h ,
2 0. From Chart R 4  a) read o f f  the value o f  D /h ,  
hence fin d  D eund the .'Length o f  p i l e  required,PL
3© From Chart R 4 b) read o f f  the value o f KT 
appropriate to  s /h ,  and D /h ,*
C a lcu la te  T f . e . s .  from the data on the c h a r t .
4c Fr on Chart R 5? read o f f  the value o f  ICM 
appropriate to  s /h , and D^/h,
C a lcu la te  the valu e o f Rowe’ s maximum Free Earth Support 
"bending moment from the appropriate equation fo r  
depending on the system o f  u n its  being used* a s . s ,
S e le c t  a s e c tio n  o f  s t e e l  sheet p i l i n g .
R efer to  the ap propriate  curve on the redu ction  fa c to r  
ch a rts  fo r  lo o se  s o i l?  Rt6 , 7 s8 ..
Read o f f  the valu e o f the r a t io
M t MKEsfor the s e c tio n  o f  p i le  
and len gth  o f  p i le  concerned.
M u ltip ly  t h is  r a t io  by , hence fin d  the design
bending moment M.
C a lcu la te  the s t r e s s  in  the p i l in g  from
s t r e s s  = M }  p i le  se c tio n  modulus /u n i t  len gth  
o f  intexTocked p i le  w a l l ,in  plan©
I f  the s t r e s s  is  u n accep tab le , e ith e r  to o  low or too  
high,make a second t r i a l ,u s i n g  a d if fe r e n t  depth .to  
t ie  rods or a d if fe r e n t  p i le  s e c t io n .
Bense Soi l :  propex'ties should correspond to  ch art R 9< 
1 ® As before©
2© Use ch art R IO  a ) ,  otherw ise as before©
3.0 Use ch art R io b )
4© Use chart R. 11°
then ch arts R 1 2 ^1 3 9 14
C h art R 3 0 3 o &
£
C h art R 4
2. a 8
when h, i s  in  f t  
Rowe * s Km Kj
"**1OO b o n f, i n / f t ,
o r M.Fes.
C h art R 5
ipnlh— kll * m / ni r 
‘3-4-1 when h ,1 s .in  m etre s
S O  8
IEKtf 3N 5 ' '
Chart R 6,
2 0
Length o f  p i l e
LOOSE _jSOIL_
Anchored sheet p i le  w a lls
Rending moment red u ctio n s  
due to  f le x ib i l i t y * .
3B
XjOOSE s o u .
Anchored sh eet p i le  w a lls
B ending moment r e d u c t io n s
due to  f l e x i b i l i t y .
C h art R 7®
LARS SEN SECTION'S
IQ 20 ’ 3 0  4 0  50 6 0  7 0  80  f t ,
I  1------- 1------J-------L-------1------ 1-------- 1-------1------- 1____ L -  .1 - I  t >____ I____ 1__________ [..
1 0  2 0
Length o f  p i le  H
a—i—t—1 ni q tr  e s
LOOSE SOIL
Anchored, sh eet p i le  walls.
r t  R 8
B en ding moment r e d u c t io n s
due t o  f l e x i b i l i t y * . 1! I
Rowe’ s F l e x i b i l i t y  Method,
D E N S  E S  Q  I I,  D A  T A
E n g l is h  u n i t s  M e tr ic  S . I «
r  s s o i l  submerged d en sity
5 = s o i l  bulk d e n sity
d e n sity  o f  w ater
Ws a in te n s ity  o f  superload
he ■ W.T X
p ressu res in
fo r c e s  in
t i e  rod load  
Ka  »  0*225  
Kp 3  2 .4 ?  
tan  £  -  0*425
65 l b / f t ^ 1,01-0 kg/nr*
IIO  l b / f t 3 I / / 6 0  lcg/m^
6 2 * 4 l b / f  t  ^ i ,0 0 0  kg/m
l b / f t 2 2kg /m "
f t m
l b f / f t 2 kN/m2
l b f / f t kN/m
o f  w a ll o f w a ll
t o n f / f t kN/m
Use Charts R I ,  3 ,9 ,1 0 ,1 1 ,1 2 ,1 3 ,1 4 .  
CHART R 9
a)
p e n e tra tio n  
fa c to r s
b)
t i e  rod
load
fa c to r s
K T 
0 ,4
0 * 3
0 ,  2
O d  •
£
h
IV [ot_ .....fl-C—----
4-3Ut "  
Pt' « 0.2 . ~ _____
P,: e o-l
0 -L a 0___ , ------
wh an h t i s in  i ts
Ro WQ 8 S A . s , s =
0
- 
1 '**
M
stt * tci
n f / j ‘tc
p
K. 21 
0 ,2
i
E
kN/n
(wh<m  h ,1 s in m3tre s)
RES 3E SOI L
I  *2 0  , 4  *5 *6 *7 *6 0  n os
E,
C h a rt R X0« 313
when h , i s  in  f t ;
Howe’ s Mm K h3 
ICO
or MF.E.5 K h^ten «
3 *4 1
(when hj i s  in  m e tre s)
to n f o i n / f t ,
kFoQi/mc.
C h art R II© 314
LChart R ]
Length o f  p i le  H
DENSE SOIL
Anchored sh eet pi3.e w a lls
B endin g moment r e d u c t io n s
due t o  f l e x ib i l i t y ©  .
!2
I B , M  4B
6  w ith
I  in  web
;is. 0*8
1 0  2 0
Length o f  p i l e  H
7 0  8 0
, . , , , I m etres
DKM SE. S O U ,
Anchored sh eet p i le  w a lls ,
Bending moment r e d u c t io n s
due t o  f l e x ib i l i t y ©
C h art R 1 3 * 3i£>
rf.E .S
JO " *  '  ",v
1 0  2 0 5 0  60  7 0  8 0  f t
-1 l—H J 1---1---{-- 1-- 1---J--J-->-- 1---U--1-- 1---1--i_ -I-----1— 1.— I— (.m etres
1 0  2 0
Length o f  p i le  H
DENSE SOIL
Anchored sheet p i le  w a lls
B en d in g moment r e d u c t io n s
due t o  f l e x i b i l i t y
C h art R 14 3/7
W O R K E D  E X A M P L E  U S I N G  C H A 
worked example No 3  from  t e x t  •
LOOSE SOIL F ig  H .2 3  Chart, R 3,R  2 ,
20 f t
Howe’ s  F l e x i b i l i t y  method©
h
« £
h e
D-t
h ,
r e ta in e d  h e ig h t  
su p e r lo a d y
e q u iv a le n t  s o i l  h e ig h t  
d ep th  o f  t i e  ro d s  +
a
h.
1 * 0
From c h a r t R 4  a
P e n e tr a tio n
%
E,
D
hi
D
L ength  o f  p i l e  r e q u i r e d / !
k tFrom C hart R 4  b
:: KTh2 
R ow e's Tf> e  s
From Chart R 5 K M
2 2 4 1 b /f t 2
2 .2 4  f t
6 .2 4  f t  
22 • 24 f t
0.28 
0 * 6 7
15 f t
‘ 3 5  f t
o *5
250 
2 . g t o n f / f t
1 .9 3
2 1 3 , 0 0 0
213  to n f , i n / f t
U sin g  L a r sse n  2 P i le  
R e fe r  to  c h a r t  R 8
r e d u c tio n  f a c t o r  
D esig n  bending moment 
S t r e s s  143 4 1 5 .8
z 15 .8  i p / / f t
0 .6 7  
t o n f / i n 4
143 t o n f . i n / f t
9 t.nirf/i'inS
6 . 1  m 
1 , 090  k g /  m2 
0 .6 8  m 
1 .9  m 
6*78 m
dimens io n -  
l e s s
4 *58  ra. 
1 0 .6 8  m
2 2 .9
0 ^  k N / m  
6 0 0
375kNun/m 
846 enP/m
II7kN.ni/m
X38N/mma
R T S
C h art R X5* 3 /8
Anchored S t e e l  S h eet F i le  W a lls  
D E S  1 G N I  N G W I T H  C H A R T  S
Row e's 'Optimum P r o p o r t io n s 1 
(D epth  to  t i©  rod below top  o f  r e ta in e d  s o i l  
X>t = 0 . 2 H! -  h e )
Loose s o i l  o n ly  s S o i l  p re ssu re  d is t r ib u t io n  d i f f e r s  
from  Coulomb*
R e fe r  t o  F ig  * G6 f 3 G7? H6 .
C h arts R . I 6 , R *I7? R .I 80
NOTE I  C o n sid e ra b le  c a u tio n  i s  r e q u ir e d  in  a p p ly in g  
t h i s  m ethod a s  i t  ap p ears l im it e d  to  dry sand©
2 Compared t o  o th er methods i t  se v e r e ly  
u n d e re stim a te s  the d e sig n  bending moment*
3 I t  i s  in c lu d e d  fo r  com parison p u rposes and 
sh o u ld  n o t  be r e l i e d  up am. as th e s o le  
m ethod o f  a n a ly s is  f o r  any d e s ig n
» ' '™  "re q u ire m e n t*  ' *’ *** ***' " ,J" 1 '
For com parison s use
C h arts I  t o  IJ  ( R ow e's F l e x i b i l i t y  Method )
BoSoPo C o.L td * ( E q u iv a le n t Beam
P o ck et Book Approxim ate Method)
R e fe r  a ls o  to  Rowe«P»W0
'S h e e t  P i le  W a lls  a t  F a i lu r e ’ 1956* 
(fro m  w hich th e  p ro p o r tio n s  are a b str a c te d )©
C h art R X 6 . 31R
Howe's S h eet P i le  W a lls  a t  F a i lu r e .
' Optimum P r o p o r t io n s ' Page G 22 o f  t h is  th e s is®
A s o lu t io n  o f  any w a ll in  lo o s e  dry sand i s  a v a i la b le
a s  fo r  th e  fo llo w in g s
WORKED EXAMPLE Vo  3 (from  te x t)©
Loose sand F ig  .H I , H6 G7©
ENGLISH UNITS X -  95 l b / f t 3
.k = 0.266 
' 0  3  3 0 °
h “  r e ta in e d  h e ig h t  20 ft®  2
wg = su p e r lo a d  ' 224 l b f / f t
he = e q u iv a le n t  s o i l  h e ig h t
22 4  r  95 5:3 2 . 36f t
D 3  d ep th  o f  p e n e tr a tio n
O.3 6 6  ( h ■!- he ) = 8 . 2  f t
le n g th  o f  p i l e  r e q u ir e d  ( h +  D ) = 2 8 .2  f t
t o t a l  h e ig h t  in v o lv e d  in  c a lc u la t io n  
H =  ( 2 8 . 2  + 2 .3 6 )  = 3 0 .5 6  f t .
Tie rod load  per fo o t  r, '..... .................  0
T 3  1 + 2 5  x O d ?  x  ka tf H*1 3  5 °3 8 ir
T 5 j 0 0 0 l b f . / f t
3  2 » 2 5 t o n f /f t »
Design bending moment per fo o t
M 3  Go 25 IP M 3  7 ,1 0 0  Ibf® f t / f t
3  38  t o n f . i n / f t *
U sing Lars sen 2 P ile®  Z 3 1 5 -8  i n ^ / f t
maximum bending s tr e s s  38 f  l5«8=  2 0 4 t o n f /in * 4
Depth t o  t i e  ro d  ( 0 . 2  x  30°5 6 )  -  2.36
3 3o75 ft©
C h art R 17°
Rowe’ s S h eet P i le  W a lls  A t F a i lu r e ,
* Opt Iffiuia pr op o r t  i  ons ’ page G 22 o f  t h i s  t h e s i s ,
A s o lu t io n  o f  any w a ll in  lo o se  dry sand i s  a v a i la b le  
a s  f o r  th e fo llo w in g ?
WORKED EXAMPLE No 3 (from  t e x t ) .
L oose sand F ig .H i  , h6 , G7*
METRIC UNITS
( s e e  S e c t io n  N)
X -  I , 520 kg/m 3  
-- 0 .2 6 6
0  =  30°
h
Wc
h.
D
r e ta in e d  h e ig h t  
su p e r lo a d
e q u iv a le n t  s o i l  h e ig h t
( l ?09O *  1 0 2 0 )
d ep th  o f  p e n e tr a tio n
0 0 6 6  (  h  he )
le n g th  o f  p i l e  re q u ire d  ( h + D )
t o t a l  h e ig h t  in v o lv e d  in  c a lc u ia t io n  
H =  ( 8.6  +  0,72  )
T ie  ro d  lo a d  p er  met^e T = Oo841 H -
T »  u , 8 4 I  x  9 0 2 ” ,
6 ,1  m 
1,090  kg/m  
1 0 , 7  lcN/m
0 , 7 2 m
D esig n  bending moment o e r  m etre 7
M a  0 , 0392 E r - 3 1 , 8kNm/m
U sin g  L ars sen  2  P i le 846 cm3/m
maximum bendin g s t r e s s  (3 1 * 8  ?  8 4 6 )ID4-  37*6N/mm‘ ‘
Depth t o  t i e  ro d  ( 0*2  x  9 *3 2  ) -  Oo72
1 . 14 m
C h a rt R 1 8 , 321
to 
to
Pene t r a t ion  depths- (dim ensionless r a t io s )  
Free earth  support method & — O  
No ground water “
Dt  ~ 0 *0 2  h see F ig . 3  9 .
Chart R 19 Free Earth Support Method z z
Earth ' Siippoi
ZZZ
C hart R 21 Free E arth  Sun p o rt M ethod.
3 2 4
- -s,
P e n e tr a tio n  depth s ( d im e n sio n le ss  r a t i o s )  
Free e a r th  su p p ort method £  =  q  
No ground Y/ater
Dt  3  O .I 5  h , see F ig  B 9
C h art R 2 2 . F ree  E a rth  S u p p o rt M ethod.
32 5
Chart R 23. Free Earth Support Method 32 6
C hart R Free E arth  Support M ethod.
By the Free Earth Support Method 
u sing Charts©
Worked Exam ple No X
F ig  H 2 Charts R 19? R 20  R 21
U nits
No super load } h. 3 h
' E n g lish  Sol©
h = r e ta in e d  h e ig h t ‘ 3 0  f t  9 ° 1 5 J
0  = 3 0
X -  IIO  l b / f t  I ,7 6 o k g /m 3
X depth o f  t i e  rods O o  5  f t  o© 1 ?  m.
From Chart R X9
P en etra tion  depth fo r  s a fe ty  fa c to r  o f  2 
a g a in st toe  f a i lu r e
"  D 3  - Oo5l h  xg*3 -ft . 4©68 m
From Chart R 20
H  *  T 3 7 8  x I IP  3  8 ,6 0 0  l b f / f t
or T 3  0+92 x  78x1X0 7 9 8 5 0  kN/m
From Chart R 21
Km ^  0 ,7 3  x  1 , 5 0 0  3  1 ,1 0 0  J
M 3  X 9XOO x  IIP  3  1 2 1 ,0 0 0  I b f * f t / f t
or
M 3  Q®2 8 i  x  1 , 1 0 0  x 1 , 7 6 0  3  543*- klhrn/ni
1 , 000"
compare r e s u lt s  w ith  f u l l  method in  t e x t  
Chart R 2.5 Free Earth Support Method®
3 2 8
A ppendix X
P ro p e rtie s  o f  Frodingham sh eet p i le s  (in te r lo c k e d )
Z  ^
section . n in l b / f t '
P
kg/m “ irrV  f t
I A 54 1 8 . 2 5 8 9 ©! I0o 5
I B 54 21.57 1 0 5  0 3 10*5
1 B X N 5| 26.71 130*4 12 © 8
* 2 7-4 24. .17 1 1 8  ©0 180 5
2 N 94 2 3 . 0 1 XI2 . 3 21© 4
*  3 9 31=5 1 5 3 .8 2806
3 N ) 28„u 3 137 o l 3Xo 4
^ 4 i o f 4 0 .9 8 300* I 43*8
4 K 13 3 4 .9 9 1 7 0 © 8 44 © 9
5 1 2 4 48.51 236o9 5 8 . 9
eirr/m
563 
5 6 2  
688 
996 
1 , 1 ?  o  
x ?5 3 8
Xs 688 
2 ,3 5 2  
2 ,4 1 4  
3 ? 1 6 8
# a v a ila b le  by s p e c ia l arrangement only©
Fr om data su p p lied  by the B r it is h  S t e e l P i l in g  Co ©Ltd©
3Z°\ ,
p r o p e r t ie s  o f  L a rsse n  s h e e t  p i l e s  ( in te r lo c k e d )
Z
s e c t io n n in l b / f t 2 k g /ia2 in 3 / f t cnrym
X A % 1 7 .2 2 7 .X 0 3 7 8
X B 7 1 8 . 2 5 1 0 .5 6^62
1 G B 5 1 1 8 . 5u 7 .8 4X8
X U 5 i 2 1 . 7 0 9 .1 488
2 7 b 2 4 .9 8 1 5 . 8 89 0
2 B 23.91' 18 0 8  , I , OOO
2  N lo f - 2 4 .9 8 3 0 .5 1 3 XOQ:
3 91- 3 1 .7 4 2 5 .3 1 ,3 5 0
3 B n f 3 1 .7 7 2 9 . 8 1 ,5 9 0
3 /2 0 I 3 i 2 8 .0 5 3 1 . 0 1 , 6 6 0
4 Jk 15 3 7 .9 0 4 4 .X 2 , 360*
4  B X3i 4 1 .1 2 4 2 .5 2 ,2 7 5
4 /2 0 15 3 3 .2 6 4 2 .2 2 ,2 6 5
5 4 8 .6 8 5 5 .1 2 ,9 6 0
6 17 ft 5 9 .3 9 7 8 . 1 4 ,1 9 0
10 A 7 i 2 7 .3 0 I I .  7 625
10 B 20 6| 2 6 . 7 6 1 3 . I 702
2/XO  A 4  i f 2 6 . 2 2 6 .9 370
4 /2 0  ( .6 X 7 )1 5 3 4 .9 9 4 4 .9 2 ,4 0 0
6 31 in  web H 
•  
“ti 6 3 .9 2 8 5 . 9 4 0 0 0
6 j I j  web I 7 f t 6 7 .6 4 9 3 .0 4 ,9 7 0
From data su p p lied  by the B r i t is h  S t e e l  C o rp oration .
ft
ii!
n
* A ppendix 3
* Sa fe t y  fa c t o r s  Anchored sh e e t p i l e  w a lls
r>
¥>
T oe F a il u r e 4
There are  4- ways o f  a p p ly in g  a s a f e t y  f a c t o r  a g a in s t  
to e  fa i lu r e ©  in  a d d it io n  t o  d e s ig n in g  for* f ix i t y ©
(w hich i s  a f i f t h  m ethod )©
(a )  e x tr a  p e n e t r a t io n , su p p ly  a r e s i s t i n g  moment 
which is  g r e a t e r  th an  the o v e rtu rn in g  moment 
about th e  t i e  rod  moment o f  r
SoF = p '
moment o f  P
/ cl
V-
e x tr a  p e n e t r a t io n , su p p iy  a n e t  p a s s iv e  r e s is t a n c e  
w hich i s  g r e a t e r  th an  th a t  n e c e s s a r y  t o  b a lan ce  
th e  a c t iv e  moments abou t the t i e  rod
area  o f  P s u p p lie d
S*F . 3  p _________ _
area  need ed ~to  b a la n c e  
moment o f  jte
ft
(to)
( c )  e x t r a  p e n e ta t io n ,
S .F  "  le n g t h o f  pen e t r a t io n
fr e e  e a r th  su p p ort p e n e tr a t io n
(d ) by u sin g  redu ced  v a lu e s  o f  th e  m easured or  
e s tim a te d  s o i l  sh ea r  p aram eters  
eg T e r z a g h i , a l s o  Howe® 
c or ta n  ^  used  in  c a lc u la t io n s
~ measu red  va lu e  
S+F
Anchorages .see s e c t io n  L 
Sheet  p i l e s  in  bendin g
y i e ld  s t r e s s
w orking s t r e s s  =
For w orking s t r e s s e s  in  w a l i n g s ,t i e  ro d s  and p i l i n g  
l ie fe r  to  Appendix 4- +
when a d e s ig n  i s  s t a t e d  to  have a s a f e t y  f a c t o r  o f  
2 a g a in s t  to e  f a i l u r e , 4  d i f f e r e n t  p e n e tr a t io n s  
would r e s u l t  from  th e  above in te r p r e ta t io n s ,,
331
A ppendix 4 *
D esign s tr e s s e s
P i l in g
t o n f / i n 2
M ild  s t e e l  ( Grade 43 A I  or 8 *0
43 A ) .
Medium t e n s i le  s t e e l  10*0
High y i e ld  s t r e s s  s tr u c tu r a l
s t e e l  ( Grade 5 0  B ) 11*5
W alings
M ild  s t e e l  1 0 *0
T ie rods
M ild  s t e e l  (based on n et area) 7 * 0
A ppendix 5
W h ile  t h i s  stu d y  has been ta k in g  p la c e  a p a r a l l e l  
inve s t  ig a t  i  on , ( unknown t  o th e  a u th o r) , was b e ln g  
c a r r ie d  out a t  L eh igh  U h iv e r s it y , Bethlehern, 
P e n n sy lv a n ia ,sp o n so r e d  by th e
Am erican Ir o n  and S t e e l  I n s t i t u t e ,
d a ted  March 1970
i t  i s  e n t i t l e d  t
^Com parison o f  Maximum M om ent,Tie ro d  Force and 
Embedment Depth o f  Anchored Sh eet P i l e f
by
L a d is  la v  Lamboj 
Ho Y ©Fang
Comments
S ix  m ethods a re  a p p lie d  t o  4  w a lls  o f  h e ig h ts  
5 3 XQ, I ?  and 2 0 f t ,
in  c o n d it io n s  o f  lo o s e  5medium and dense san d .
- ' - > ■
Xt i s  in te r e s t in g  th a t  f i e l d  measurements were a ls o  
ca rr ie d  out a t  the U n iv ersity  in  order to  compare 
them w ith  t h e o r e t ic a l  r e s u lt s  fo r  the methods©
Ground w ater t a b le  and anchor y i e l d  are  s t a t e d  n o t  t o  
have been tak en  in to  a c c o u n t© A n ch orages were n o t  
in clu d ed *
The m ethods em ployed wereg
Free E a rth  m ethod  
Rowe ( f l e x i b i l i t y  )
Blum
Anderson  
T s c h e b o t a r io f f  
T u ra b i and B a lia
( t h i s  l a s t  m ethod i s  v ery  r e c e n t ,  X968 )
I t  was con clu d ed  by th e a u th o rs  t h a t  th e  h ig h e r  th e  a n g le  
o f  in t e r n a l  f r i c t i o n  th e  c lo s e r  are th e  r e s u l t s  o f  a l l  
th e  m ethods
No p o s i t i v e  c o n c lu s io n s  were p o s s ib le  on th e  com parison  
o f  t h e o r e t i c a l  r e s u l t s  w ith  f i e l d  measurements©
As p r e v io u s ly  m ention ed  th e re  has been l i t t l e  d a ta  
a v a i la b le  on th e  com parison o f  th e  r e s u l t s  d e riv e d  
from d i f f e r e n t  d e s ig n  m eth od s. The L eh igh  R ep ort  
i s  a ’aery  u s e f u l  c o n tr ib u t io n  tow ards changing such  
a s t a t e  o f  a f f a i r s  *
